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(i)
Synopsis.
Electromyography is the study; of'the waveforms of the 
electrical activity which always accompanies muscular,contraction.
In this thesis are considered the effects of certain factors 
on the electromyog.ram, such as the physical arrangement of the fibres 
of which muscle is constituted, their functional grouping and. j
activity, the form and extent of the action potentials arising in the |
fibres, the laws governing the distribution of current in a Conducting I
medium, and the form and disposition of' the detecting electrodes. .!
'  '  iEollovfing a short historical introduction, a reviev/ is given :
I
!of the literature on anatomical and functional features of muscle,. ]!electrophysiological properties of muscle and nerve fibres, theories j
of the form in which muscle’and nerve potentials in a conducting |jmedium can be represented, and the commonly observed types of j
jelectromyographic waveform. . 7 .• {" ■ . j
Some general properties of the isopotential:distribution • j
about a dipole in a conducting medium are deduced, and an analogy |
between the dipole and the profile of the muscle, fibre action
. - '■ .!potential, is developed. The dipole model is used t© show the effect j
!of summation of action potentials from a large number of fibres, as |
Iwould be found in an idealised muscle. A simple experiment with a jI
tank of electrolyte is described to illustrate the main' features !
• • ■ Iof potential distributions about small electrodes. Observations \Î
are made on the modifying effect of electrodes on recorded action }
Ipotentials, in accordance with volume conduction phenomena. - !
Some explanations are offered to account for some well I
known characteristics of the electrcmyogram, for example, the 
preponderance of low frequencies not present when recording I. Ipotentials ffcm..single fibres or small groups of:fibres. " j
: ■■, ■ . . - ■ ■ ' . ;  ■ t  '■ ( m
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The Electromyogram.
When a muscle contracts, there is electrical activity produced 
throughout the muscle corresponding to the force exerted.- This . 
activity is easily detected with a pair of small metal electrodes 
placed on. the skin surface near to or over the muscle and spaced a. /.■ 
few centimetres apart. When amplified and portrayed on the cathode 
ray oscilloscope, it..,is known as fhe electromyogram (e.m.g.),
(Fig. l.l). It can be .{measured by taking the average (time constant 
typically 100 msec'.) of the rectified e.m.g. signal. There are 
fluctuations in the average, often substantial, which do hot correspond 
to the effort made by the subject, and are therefore, unwanted.; The 
simplest method of limiting the number of fluctuations over a given 
time interval; is to introduce a dead ;zone into the transmission path 
of the averaged signal. The work undertaken for the Diploma-Project' 
Myo-E.lecbric Control " (University of Surrey, I967) was an : 
investigation into new methods of applying and regulating dead space. 
Self adjusting non-linear functions were devised and tried. The 
investigation ,was empirical in so far as the electrophysiological ; 
and physical factors governing the form arid amplitude of the e/m.g. 
were not known. Possible relationships between spectral density, 
amplitude distribution, electrode positions and mechanical output y' ''
of a muscle,, had not. been considered. -
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1.2 • , ■ .. ^
A Note on Terminology used in Electrophysiology. ,
Physiologists, in describing the time course of action 
potentials in nerve and musce fibres, use an accepted terminology 
to describe their'familiar shapes as seen on the ..screen of a cathode 
ray oscilloscope. This practice is common.throughout the medical /
literature when reference is made to potentials recorded from muscles 
and nerves. For convenience and consistency with respect to..the . 
literature'cited, the same terminology will,' in general be adopted 
in this thesis. " ■
The baseline is the horizontal line traced out by the time 
base of the cathode ray oscilloscope when the vertical deflection 
is zero. ' 1i
.A monophasic action potential is one.which has an excursion =
v/holly on one side of .the base line, and has one value for peak 
amplitude. The shape of the action potential is characteristically ^
the number of phases or deflections from the; base line. According :I
to the number of phases the potential is denoted as monophasic fori' 
a single departure from the base : line, and for successive deflections
Ihaving opposite polarity, as diphasic, triphasic, tetraphasic. and,. j
polyphasic; this latter comprising all potentials with five or more. ‘
phases. (Buchthal et al, 1954)» :
In scientific literature an upward deflection usually ■ I^Îcorresponds to positivity of the active electrode, whereas in; • j
electrophysiology it denotes negativity in most-..cases. (Bureë et al, '
1967). - 'l';.; I
1Lumen is a zoological term for the central cavity of a duct |
or tubular structure. It is used to describe the region at the tip *
' • ■ I
of a concentric needle electrode.' \
f1.3 ■ /
Introduction.and Outline.
There is an extensive literature in electromyography, with ~ - 
much clinical observational, material relating to pathological 
conditions of muscle, .and data from research-sources on normal j
muscle. But' only a few papers deal with the origin.and form of the 
potentials arising during contraction, and the modifying effect of 
the surrounding muscle and electrically conducting tissues. The 
author was unable to find any account giving a satisfactory, explanation 
for the characteristic waveforms and range of amplitudes encountered 
in electromyography.
■ This thesis considers early work in the interpretation of 
biolelectric,. phenomena, and various theories put forward to find a
model which would represent the electrical activity in muscle, and be j
. , 1used as a basis for explaining observed waveforms. The* author sets |
out to obtain a simplified general model for the configuration of j
!potential distribution about the individual constituent fibre of ' i
muscle during the passage, of an action potentia.1Using this,model, |
some general physical properties are deduced and interpreted so that 
some predictions can be made about the. summation of'the electrical., 
output of many active fibres, and about v/hat effect‘-the conducting 
mass of muscle and surrounding tissue would be expected to have on 
these potentials when detected as the electrical pattern known Bas -" 
the electromyogram. '
Following the short historical introduction to bio-electric 
phenomena, there is a review of the literature, with added criticsm 
and commentary, given in four parts. A description of the muscle fibre 
and the more common anatomical forms of the larger voluntary muscles 
with the organisation of the fibres into discrete functioning units’ 
and sub-units, and the distribution of the motor nerves which control
their contraction, is given in outline. Certain electrical properties 
of nerve are similar to those of muscle, and advantage is taken of 
the more fully understood properties of nerve in the explanation of 
the form of the ,muscle action potential. Data on muscle and nerve 
action potential parameters are given in tabular form. The development 
of theories of the form of the action potential, spanning almost one 
century, is covered in some detail to show the interplay of opposing 
ideas, and how development depended upon .improved instrunientation 
to stimulate further theoretical advancement. The features v/hich 
distinguish a normal electromyogram, and their dependence on the form, 
size and disposition of the detecting electrodes are given v/ith 
comparisons v/ith e.m.g. patterns obtained from muscles in pathological 
conditions. These latter are helpful in supporting the theories 
offered in the chapters on experimental work. The functional 
organisation of muscles to produce graded contractions is described.
Consideration is given to the disturbing effect of electrodes 
and their placement on potential fields in a volume conductor, and 
to the dependence of the potential detected on their size and 
position with respect to the source of activity. A description of 
electrodes commonly used in electromyography together with their 
known and expected properties is given. The effect of muscle fibre 
orientation with respect to the electrodes, on the form of the e.m.g, 
is discussed.
A simple theory of volume conduction phenomena is developed 
for monopolar and dipolar sources of current. An equation is obtained 
for the relation between the position of turning points v/ith respect 
to the dipole axis, in the potential field and distance from the 
source and sink. The overlap of fields in the simple case where two 
dipoles have their axes parallel and are alongside one another, is 
given consideration to show the nature of summation when several
dipoles are located closely together. A simple experiment.v/ith an 
electrolyte tank is described, illustrating the main features of 
potential distribution about a pair of small electrodes..
Interpreting some of the more recent physiological work on 
the shape of the action potential produced by a muscle fibre in a 
conducting solution, and extending the work of previous authors 
who sought, to make use of mathematical models, a simple dipole model 
is used to represent the action potential. The action potential may 
be considered as a source of potential having two distinct properties 
Firstly, its onset and eventual decay is a variation in time;.and 
secondly, its progress along a fibre is a variation in space. 
Replacing the action potential in situ by a dipole in a volume 
conductor, the potential distribution produced by an array of dipoles 
to represent a hypothetical motor unit, may be studied.by solving an 
equation for the potential about a dipole. It was conducted by means 
of producing field plots obtained from a series of calculations 
performed by a digital computer. It is shown that with further 
additions to a large array, the amplitude of the field at the centre 
tends to a limit. The extent of the field outside an- array, is shown 
to vary much more rapidly with distance than inside.
The concentric array of dipoles represents an ideal muscle in 
which the initiating impulses from motor nerves arrive simultarie-ously 
in the common mid-point plane through the contractile muscle fibres. - 
The application of scatter to the longitudinal position of the 
dipoles, corresponds to scater in the time of arrival, or to an 
equivalent scatter in the starting position of the impulses, as 
would be expected in a real muscle.
A descriptive definition of the normal e.m.g. in terms of its 
appearance on the cathode ray oscilloscope, frequency spectra and 
magnitude is attempted. Terminology such as synchronisation,
interference pattern, localisation and Piper rhythm, used by 
electromyographers, are discussed. Explanations for the spectral ■ 
form of the e.m.g. at different levels of,muscular effort are 
offered.
Some /of the characteristic features of the e.m.g., such as 
conspicuous loss of the higher frequencies when using surface , . :• •
electrodes, and the predominance of low frequency waves, which are 
not apparent when the action potential of a muscle fibre is recorded 
by a small electrode in close, proximity, can also be explained as. . 
volume conduction phenomena. These features are shown to be 
accentuated by temporal scatter.
For normal muscles it has been reported that there is a 
predominant frequency in the e.m.g. during moderate contraction, 
becoming much more noticeable at higher levels of effort* In larger 
muscles this frequency is lower. The. pathological condition of 
myopathy, in v/hich many of the fibres in the motor units do not 
function, is confirmed by an upward shift in the e.m.g. spectrum.
The concentric needle electrode is invariably used in clinical 
investigations. Explanations based on the material of the author's 
experimental work and interpretation are offered.
• 8
(
1.4 • ■ '
Historical Introduction.
The history of natural electricity often overlapped that of 
animal electricity. The Leyden Jar invented by von Kleist in 1745» 
and by van Mussenbroek in 1746, independently of one another, was 
used for giving powerful electric shocks, which often produced 
painful contractions. In 1775 Walsh described the shocks produced 
by the electric eel, as similar in nature to those obtained from a 
charged Leyden Jar. It was not until 1791 that Luigi Galvani,
Professor of Anatomy at the Academy of Bologna published the results 
of his experiments on exposed nerves and muscles in the leg of fche 
frog, and showed tha,t when electricity was applied to a nerve or a 
muscle, there was a muscular contraction. The electricity in an 
earlier experiment was derived from sparks drawn from an electrostatic 
machine when a nerve was touched with metal; and later by the 
application of two dissimilar metals in contact (brass and iron), 
one touching a nerve trunk, the other on the muscle. The second 
phenomenon he attributed to the flow of animal electricity stored 
in the muscle. In 1792, Volta the physicist gave as the more correct 
explanation, that.a flov/ of current arises when two different metals 
are dipped into an electrolyte, which in this instance, was the salt 
solution in which all animal tissues are bathed.
A frog’8 leg muscles and motor nerves used as indicators of 
electrical activity were neither sensitive or accurate, and little 
progress could be made until better measuring instruments were 
available. Oersted (l820) found that a magnetised needle could be 
deflected by an electric (galvanic) current. This discovery was 
quickly followed by Schweigger’s invention of the tangent galvanometer 
in 1820. In 1025 using his own design of galvanometer, Nobili showed 
the existence of muscle currents. In 1836 Sturgeon invented the 
moving coil galvanometer* About 1840 Matteucci and du Bois-Reyinond
independently of one another demonstrated with the tangent galvanometer 
the "injury current" of isolated muscle fibres, A steady current was 
obtained when connection was made between the surface of an intact 
region and where the fibre was cut or crushed. Du Bois-Reymond (I84I? 
1849) showed that an impulse along a nerve was always accompanied by 
a change of electrical state along the nerve. The biological indicator 
was still in use, for in 1845 Matteucci used the nerve-musele 
preparation as an indicator and showed the presence of action currents 
in another muscle during contraction. In 1855 Kolliker and Müller 
using the tangent galvanometer, observed the current produced by a 
frog's heart during contraction. In I87I Bov/ditch, working with 
heart muscle discovered the ’all-or-nothing' principle. This fundamental 
law of muscle and nerve conduction states that provided an impulse is 
strong enough to be propagated, the size of the response and the speed 
of its conduction will be independent of the size of the stimulus.
The form and duration of the action currents were not known 
until Bernstein published in I87I an account of the use of the 
galvanometer in ballistic mode to find the time course of the action 
current of a muscular twitch, an idea suggested by du Bois-Heymond.
By stimulating a muscle, and sv/itching in the galvanometer for a very \ 
short time interval after a predetermined time delay, a deflection 
was obtained corresponding to the strength of the current at the 
instant of switching on. By repeating for different times of delay, 
an amplitude-time course of the whole event was eventually plotted.
He established a value for the duration of some 3 msec for the . 
"negative variation" of the action current, 10 ram for the length of 
the wave of negativity, and a velocity of propagation betwen 0.25 
and 3 mm/msec. With the apparatus then available, this was the 
culmination of scientific effort. The earliest report of the 
demonstration of electrical activity of muscles- in human .subjects
10
was of Hermann in 1877; and in 1879 he published his core-conduotor 
theory of the action current. An improved indicator became available 
in 1873 when Lippmann described the capillary electrometer, v/hich 
was used by Waller in 1889 to demonstrate the human electrocardio­
gram. The telephone, first tried by Reis in 1863 and later developed 
by Bell, was used by Wedenski in 1883 to demonstrate the electrical 
activity of muscle, by placing two.needle electrodes in his own biceps, 
but he failed to define the pitch aurally because of the wide range 
of frequencies present. Another indicator for the electrocardiogram 
was the string galvanometer developed by Einthoven in I9OI. Bernstein, 
with the formulation of the membrane theory in 1902, advanced the 
idea that the resting potential was due to the diffusion of potassium 
ions.
The study of the interaction between electrical phenomena and 
living matter, electrophysiology, only yielded further major advances 
following Fleming's thermionic triode valve invented in 1924, and 
the cathode ray oscilloscope of Gasser and Erlanger in 1922. The 
former allov/ed of the measurement of potential v/ithout drawing 
current from the biological source, v/hen the term 'action potential' 
began to replace 'action current', and the latter could respond to 
the fastest potentials exhibited by nerve and muscle. V/ith the 
introduction of the thermionic valve amplifier'i t was possible fo 
amplify accurately the small millivolt potentials produced by muscles 
during contraction. The slowness of electro-magnetic.and electro­
chemical recording systems was overcome when the c.r.o. was used 
as the indicator with the valve amplifier.
Since the mid-nineteen twenties, there has been a growing 
flood of electrophysiological investigation. Every advance in the 
speed and sensitivity of the measuring apparatus, has given rise to 
further discovery. It v/as not until recording techniques advanced , 
following the introduction of niicroelectrodes, that the form and
11
amplitude of the extra-cellular action potential of nerve could be 
ascertained (Hodgkin and. Huxley, 1939)- By 1952, Hodgkin, Huxley 
and Katz had measured the current flow accompanying the action 
potential in the membrane of a large fibre. These developments 
within physiological and biophysical laboratories, also had their 
impact on the techniques in thermionic valve circuit design.
Matthews (l948) lists the main developments (Table l.l) with 
electrical instrumentation from 1880 to 1934.
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2.1
Anatomical Aspects of Muscle.
Muscles are the only effector organs capable of applying force 
to limbs and performing, mechanical work for movement and locomotion.
They are controlled partly by the motor projection area in the cortex 
of the brain, and impulses pass down the spinal chord. The impulses 
leave the central nervous system at spinal connections, and are then 
carried by peripheral motor nerves to the muscles. These control 
impulses are discrete and identically shaped. The intensity of the 
control signal conveyed depends on the reciprocal of the pulse interval. 
There is nothing to distinguish the quality or interpretation of a 
train of impulses in one nerve as compared with another, except the 
nature of the effector organ attached to a motor nerve, or the cortical 
projection in the case of a sensory nerve. Movement in voluntary 
muscles and sensation arising from stimulation of sense organs only 
have meaning to the subject by virtue of previous learning.
2.1.1
Muscle, the Prime Mover.
All muscular tissue possesses the property of contractility 
.(Davies and Davies, I962). There are three kinds; tlie striated, also 
known as voluntary or skeletal because it is joined to bones; the 
smooth or involuntary; and cardiac. This study is concerned with 
voluntary muscle, which produces movements in the limbs. For locomotion, 
large muscles produce relatively large amounts of power, whereas for 
the hands, the muscles are small and provide finely coordinated 
movements. Y/ork is performed by contraction of the constituent fibres 
against a load. They are parallel to one another, and may shorten by 
twenty to thirty per cent of their uncontracted lengths. The larger 
muscles contain more fibres, for the tension exerted by a muscle is 
directly proportional to the number of fibres. Muscle fibres usually
1-4
terminate in a fibrous structure called tendon. According.to their 
form and function muscles have two or more such attachments. The 
term origin, designates the more fixed attachment, while insertion 
designates the movable point at which the muscular force is applied.
2.1.2
The Muscle Fibre.
Skeletal muscle consists of cylindrical muscle fibres v/hose 
lengths range from 1 to 40 mm depending on -the size of the muscle, j
and in thickness, from 20 |im to 50 i-U® or sometimes up to 100 jjun. |
Each fibre, enclosed in a membrane, contains many myofibrils of |
j1 to 2 pm diameter, lying in parallel. These myofibrils have striations 
which are in alignment. These give rise to the appearance of dark and )ilight discs crossing the whole thickness of the fibre. It is from |
Jthis that the term 'striated muscle’ has originated (Wilkie, 1968’). j
1
•’v. . 1 'Tension results from a single ’all-or-nothing’ (Keele and Neil, j
1965, p.226) contractile twitch in response to a single impulse |
1travelling along a motor nerve to the muscle fibre. A single electrical j
impulse passes down the length of the fibre in less than 10 msec. |
After a short latent period, the fibre develops a tension rising. :
slowly to a maximum, and falling at a similar rate. The duration of Î
the twitch from the onset to the peak of contraction varies greatly 
in different muscles, being as brief as 7*5 msec in the exbraocalar 
muscles, 23 to 40 msec in pale muscles such as gastrocnemius, or 
semitendinosus, and 90 to 120 msec in red muscles such as soleus in 
the cat (Adams et al, 1962, p.lOl),
A succession of impulses produces a succession of mechanical 
twitches, which because of their slow time course, will overlap and 
summate (Cooper and Ecoles, 1930). At higher rates, depending on the 
muscle, the overlap results in tension almost free from variations.
This is called ’twitch fusion’, (Keele and Neil, 1965» p.230).
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2.1.3 .
The Motor Unit.
The anatomical unit of muscular function is known as a motor 
unit. It consists of a single motor nerve cell or neurone in the 
spinal chord, a neuronal process called an axon, the axon branches 
and the muscle, fibres connected to these (Liddell and Sherrington, 
1925). The number of fibres per motor unit varies considerably in 
different muscles, but it is generally fev/er in the smaller muscles.
For the external rectus muscle of the orbit, Torre (l953) obtained 
a figure of 5* There were 100-300 in the intrinsic laryngeal muscles 
(Faaborg-Andersen, 1957), and 6OO-9OO in the masseter and temporalis 
muscles, (Carlsoo, 1958)« Feinstein et al (1954) conducted a detailed 
histological examination of muscle fibre sizes and numbers, and found 
there were only 25 muscle fibres in the platysraa muscle, but 2000 in 
the gastrocnemius, a large limb muscle. Their data is given in table . 
2.1.1. It is apparent that the larger muscles contain more fibres 
which are also thicker and have more fibres per motor unit than the 
smaller ones. There was no.reference to sub-units of motor units.
Their figures for the cross sectional area of motor units need to be 
re-interpreted in the light of the findings of Buchthal et al (1957)* 
Carlsoo (1958) found a mean diameter of temporalis muscle fibres of 
20 piji^ and a cross sectional area of the fibres in one motor unit of 
0.29 mm2. The corresponding figures for the masseter were 21 pmand 
0.22 mm^. Krnjevic and Miledi (1958) reported 7-17 fibres per motor 
unit in the rat diaphragm.
Basmajian (1967) in a short review, states, "... it is agreed 
that muscles controlling fine movements and adjustments (such as those 
attached to the ossicles of the ear and to the eyeball and the 
laryngeal muscles) have the smallest number of muscle fibres per motor 
unit ,.. The muscles that move the eye have small motor units with 
less than 10 fibres per unit, as do the human tensor tympani muscle
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of the middle ear, the laryngeal muscles, and the pharyngeal muscles. 
These are all rather small and delicate and they control fine or 
delicate movements." Fineness of control depends on the ratio of the 
number of motor nerve axons innervating the muscle, to the number of . 
muscle fibres.
2.1.4
Sub-Units of a Motor Unit.
Histological and electrophysiological evidence (Wohlfart, 1949; 
Buchthal et al, 1957) has shown that motor unit fibres are organised 
into anatomically distinct sub-units containing up to 30 fibres. The 
sub-units of a motor unit lie at an average distance of O.7 mm from 
each other (Buchthal et al, 1957)» and the intervening spaces contain 
sub-units of several other motor units. Some 5 to 10 sub-units lie 
within the range of detection of a small concentric needle electrode, 
as indicated by the recorded larger amplitude and shorter duration.
They concluded there was enough space in these dimensions (O.7 mm) 
for 10 overlapping motor units.
2.1.5
Innervation.
The innervation ratio of a motor nerve fibre is determined by 
the number of muscle fibres innervated by it. The junction between a 
motor nerve and a muscle fibre is called a motor end plate (m.e.-p.).
The nerve branches out into terminal axons, each one supplying one 
ra.e.p., but occasionally a subterminal nerve fibre branches but usually 
ends on the same muscle fibre, which then has two m.e.p's. More rarely, 
they go to two different muscle fibres. Goers and Woolf (1959), gave 
two definitions for innervation ratio. The absolute terminal 
innervation ratio (A.T.I.R.) is defined as the number of m.e.p's 
arising from a given number of terminal axons, divided by the number 
of terminal axons; and the functional terminal innervation ratio is
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the number of muscle fibres innervated by a given number of terminal 
axons, divided by the number of terminal axons. In many hundreds of 
estimates on terminal axons in various normal human limb muscles 
Goers (l955) found the A.T.I.R. was 1.13 : 1 and the P.T.I.R, was
1.09 : 1. Some 1.5 ^ to 10 ^ of the terminal axons supplied more than 
one muscle fibre, and 2.3 ^ of the muscle.fibres had double end plates, 
which were always found to come from the same nerve fibre. The authors, 
in biopsy studies of normal muscle had never observed the innervation 
of a single muscle fibre by two different axons. Prom this, it can be 
inferred with some certainty, that every muscle fibre forms part of 
only one motor unit.
2.1.6
Innervation Zones.
Goers (l953) has observed that the m^e^p's are found concentrated 
in narrow zones, whose shape depends on the way the muscle fibres are 
taken to the fibrous attachments of insertion and on the shape of the 
muscle. The zone is straight when the surfaces ^ bf.': insertion are 
parallel. In the pennate form the zone is curved. It was found that 
the end plates were always at the mid-points of the fibres which 
ran without interruption from origin to insertion. The two exceptions 
found were the long strplike muscles sertorious and gracilis, in which 
several innervation bands were found along their length.
Buchthal et all(1955) found the innervation of the brachial 
biceps to be localised in a narrow band. Counts of terminal nerve 
endings showed that 67 ^ of all endings were situated within 10 ^ of
X Deltoid, biceps, brachioradialis, flexor carpi radialis, tibialis
anterior and vastus internus.
KK Quadrilateral, soleus and vastus internus; pennate, palmaris longus;
elongated pennate, biceps and extensor hallucis; and complex pennate, 
deltoid.
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the muscle length. Their experiments with recording electrodes placed 
to record end plate potentials, recorded the initial deflection of 
the action potential simultaneously to within 0.5 msec, from positions 
in the longitudianl axis of the muscle, up to 40 mm apart. They 
concluded that the end plates were scattered over this length of 
the muscle.
2.1.7
Discussion. I*
The conclusion of Buchthal et al (1955) stands in contrast to 
the histological evidence of Goers (1953) which showed that the end 
plates, in the biceps were concentrated in narrow zones. The former 
relied on the simultaneity of the initial deflection of the action 
potential over a distance, by implication, much greater than the end 
plate zone. An explanation offered in section S.6, asserts that 
changes in amplitude as occur at the beginning (or end) of an action 
potential or of the end plate potential are transmitted without loss 
of high frequency components, and so will be detectable simultaneously 
at different positions in the conducting volume of the muscle.
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2.2
Electrical Activity in Muscle and.Nerve Fibres.
In this section, muscle and nerve fibres will be considered 
together, for they have similar electrical properties. Katz (1956) 
attributed two main functions to the surface membrane of a muscle or 
nerve fibre: (a) by providing a diffusion barrier to electrolytes, 
it plays an important part in the preservation of the steady state 
of the (muscle or nerve) cell and in the maintenance of electrical 
and chemical potential differences between the interior (sarcoplasm 
or axoplasm) and the surrounding fluid; (b) it is concerned with 
excitation and the rapid spread of activity throughout the cell.
The membrane is some 400-700 Â units thick, and has characteristic 
properties of high electrical resistance and restricted ionic 
permeability.
2.2.1
The Resting Potential.
Following the ideas of du Bois-Reymond (1849), and applying 
the physico-chemical laws and equations derived by Nernst, Bernstein 
in 1902 advanced the ionic theory of the membrane potential. In its 
resting state, the membrane is selectively permeable to potassium 
ions, allowing a concentration inside which is twenty to sixty times 
higher than that outside. This gives rise to a potential difference 
across the membrane proportional to the logarithm of the ratio of 
the concentrations, of some 50 mY negative inside a nerve.
In 1939 however, Hodgkin and Huxley using a very small electrode 
inserted through the membrane, showed that a wave of excitation 
passing along the fibre led to a transient reversal of the membrane 
potential. The potassium theory could not account for this. In the 
resting state, the membrane is relatively Impermeable to sodium ions, 
the concentration inside being a tenth of that outside. The ionic 
(Fig. 2.2.1)
21
concentrations, in accord with the Donnan-Conway equilibrium (Woolf, 
1962), are distributed so that the ratio of concentration of internal 
to external potassium was equal to the ratio of external to internal 
chloride ions. However, the notion of a sodium impermeable membrane 
had to be niodified when studies of tracer movements of ^^Na and 
(Levi and Ussing, 1948; Harris and Burn, 1949) showed these ions to 
be in a continuous state of flux across the membrane.
In 1941 Bean suggested that an active secretion of sodium ions 
(the sodium pump - believed to be a bio-chemical metabolic process 
working in the membrane) might be the mechanism by which the ionic 
concentration os kept in a steady state, although these ions slowly 
leak into the fibre from outside. It can be put out of action by a 
metabolic inhibitor such as dinitrophenol, an azide or a cyanide 
(Katz, 196,6). Hodgkin and Keynes (l955) have shown that the pumping 
out of sodium is coupled with absorption of potassium from the 
surrounding fluid; for without potassium, the 'pump' was unable to 
eject sodium.
2.2.2
The Action Potential.
If two small electrodes are placed on the outside of a nerve 
fibre, and an electric impulse be applied, the membrane potential 
and polarisation in the region of the anode are increased, and the • 
membrane is said to be hyperpolarised (see Katz, 1966 pp. 76-8O).
At the cathode the potential and depolarisation decrease. At some 
critical value of about 20 mY (Bures et al, I967), there is a 
dramatic fall in electrical resistance of the membrane, and an inrush 
of sodium ions, which leads to further depolarisation for as long as 
the membrane potential,is less than the sodium equilibrium potential. 
This regenerative sequence is termed the Hodgkin cycle. The increase 
(500 times) in sodium ion conductance lasts for about 1 msec, (Hodgkin
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and Huxley, 1952). This is followed by a much slower rise in potassium 
conductance reaching its maximum y.alue in just over 1 msec, falling 
exponentially to about zero in 4 msec. During the sodium ion phase 
the membrane potential rapidly rises from its resting value of some 
50 mY negative(the potassium equilibrium value) to zero when the 
membrane is said to be depolarised, and overshoots to 40 mY positive, 
which is nearly the sodium equilibrium potential. The transient.nature 
of the sodium phase, followed by the rise in potassium conductance 
leads to a rapid recovery from the Hodgkin cycle.
2.2,3
Action Potential in the Nerve Fibre.
The resting potential is the result of a state of equilibrium 
maintained by the action of the sodium pump whose time course is long 
term compared with the duration of the wave of depolarisation. Many 
thousands of action potential waves can pass because the energy used 
up with each is quite small. As sodium accumulates and potassium is 
lost, the action potential decreases in size until it is too small 
for propagation.
Any disturbance which makes the inside of the axon less negative 
with respect to the outside and raises the membrane potential to the 
critical value initiates a self maintaining disturbance which 
propagates along the fibre, but the response to a disturbance less 
than critical, fades away. This is the 'all-or-nothing* law. The- most 
important aspect of a supra-threshold stimulus is the rapid and 
substantial increase in sodium conductance of the membrane. The 
mechanism which holds against the higher concentration of the external 
sodium ions, is analgous'to a dyke (Woolf, I962) opening to allow the 
ions to rush in with their positive charge. The ions surge in under i
Itheir own ionic concentration gradient; and because the sodium influx
has a limited duration, the membrane potential soon attains and then ]
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begins to depart from its maximum value. The beginning of the outflow 
of potassium ions, with the decline of the inflow of sodium, restores 
the membrane to its normal polarised resting state. The charge 
displaced can be calculated from the membrane capacitance and the 
voltage excursion. Katz (1966) gives it as approximately 0,1 volt x 
1 pF / (cm^Faraday) = 10"^2 moles/cm^ in both the rising and falling 
periods for net transfer of positive charge. The,quantity transferred 
has been measured and found to be larger. This is to be expected 
because there is some overlap in time between the decline of the 
sodium inrush and the onset of the potassium outflow. The net current 
flowing is the result of two opposing ionic flows.
2.2.4
Theory of Local Circuits.
The current inrush of sodium ions flowing through the axoplasm 
in the forward direction cancels with the negative charge of the 
resting potential. If this current also discharges the membrane 
capacitance, there must be a corresponding current on the outside, 
provided there is an external conducting medium, the interstitial 
fluid. The external, or extra-cellular current will'tend to flow back 
to the region where sodium ions are flowing in, making a local circuit 
of current flow, probably made up of different proportions of carriers 
inside and outside the membrane. Suppose the nerve fibre is removed 
from a conducting medium, what happens to the return current ?
Provided there is a thin film of a solution containing sodium ions,, 
the inrush of ions is sufficient for the propagation of an impulse.
The return current is restricted to the film, which has a higher 
resistance than a conducting medium, and is much diminished. Hodgkin 
(1938-'39) showed that the propagation time is greatly increased 
when a nerve is transferred from a medium of sea water to one of oil
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because of the diminished electrical conductivity of the external 
medium.
The current flowing into the activated region of a nerve fibre 
increases the excitability, i.e. lowers the threshold of stimulation 
of neighbouring polarised regions ahead (Hodgkin, 1937)« The region 
of the membrane where the positive ions flow in may be considered as 
a sink drawing current from nearby membrane areas which serve as 
sources of current flow. The transmembrane potential is always mono- 
phasic (Fig. 2.2,2) in its time course. The outer surface of an 
isolated nerve exhibits a negative-going monophasic potential. This 
negative excursion led to the formulation of the theory of the 'wave 
of negativity' of Bernstein (I871), which has since resulted in some 
misunderstanding of the relation between potential and current 
distributions about muscle and nerve fibres. The potential excursions 
depend on an electric current resulting from the movement of at least 
two kinds of ionic carrier. It should not be taken for granted that 
the wave of negativity of the isolated fibre is also the form of the 
extra-cellular action potential of a muscle or nerve fibre in situ, 
or in a conducting medium. Several authors (Brazier, I96O p.14» Katz, 
1966 p.23; Keele and Neil, I965 p.223; Lippold, I967 p.2^2 and Patton, 
1966 p.74) describe the diphasic action potential, and give an account 
of how two successive monophasic deflections of opposite polarity 
detected from the surface of a nerve, will appear as a diphasic 
deflection when the electrodes are brought close together. This is a 
demonstration of the effect of electrode disposition, and should not 
be confused with the origin of diphasic potentials detected from 
muscle or nerve fibres in situ. Bauwens (195O) and Nightingale (1957» 
Ch.4» p.23) also mention the bringing together of,two recording 
electrodes as the mechanism of production of the diphasic wave. It
25
is precisely because of the interchange of current between the outer 
surface of the membrane and the medium, that the time course of the 
extra-cellular potential of a fibre in situ differs from a fibre in 
isolation. A nerve in situ generates a triphasic potential, whereas 
with muscle it is diphasic.
2.2.5
Voltage-Current Relationships.
The nerve axoplasm, which has the form of a cylindrical 
conductor of rather high resistivity, and the surrounding medium, 
may be considered as two linear coaxial conductors to which Ohm's 
law will apply. Ahead of the reversed polarised (active) region of 
the membrane in which the sodium ions enter (Fig. 2.2.3), the ions 
flow down a concentration gradient along the axoplasm, giving rise to 
a current which, through any perpendicular plane, is equal in magnitude 
but of opposite direction to the current in the surrounding medium 
(Katz, 1966 p.27).
The longitudinal current li in the axoplasm is proportional fco 
the potential gradient within the axoplasm;
li = - !.. 2.2.1
where ri is the resistance per unit length of axon, Vi is the.axoplasm 
potential, and x is the distance along the axoplasm. It is also 
assumed that the potential arising in the extra-cellular fluid is 
negligible compared with the axoplasm potential.
By Kirchhoff's law, the current li flowing past any perpendicular 
plane through the fibre, must be equal to the currents flowing out 
through the membrane, summated all along the length beyond that plane. 
Membrane current Im = Ô X
ri- 2.2.2
(Katz and Schmitt, 1940)- These equations are known as the Hodgkin,
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Huxley equations (Noble, I966), and show that the longitudinal 
current li, and the membrane (transverse) current Im, are the first 
and second order derivatives respectively, of the membrane (internal) 
potential Vi.
As functions of time, equations (2.2.1) and (2,2.2) may be 
written; li = v ^ i  ‘ ôt^ 2.2,3
Im • lil 2-2,4
The peak of the membrane potential coincides with the second 
phase of the membrane current (Fig. 2.2.2), and it is at this point 
in the region of depolarised membrane that the sodium influx is at a 
maximum. On the other hand, the longitudinal current is zero at this 
position, but flows away from here in both directions down each 
potential gradient with a strength increasing initially with distance.
2.2.5.1
An Observation on the Hodgkin-Huxley Equations.
The currents Im and li are related by equation (2.2.2) which 
may be written; Im/dx = -/dli 2,2,5
Referring to Fig. 2,2.4» as much current flows into the membrane as
JC= 00flows out, for any impulse. It follows that Im./dx = 0. Also the 
longitudinal current li to the left of the point li = 0 (and x - O) 
by equation (2.2.5) must be wholly accounted for by the current Im 
flowing firstly inwards, and then outwards across the membrane, * 
so that Im./dx = 0. Thus the two shaded areas under the Im curve toXs - 00
the left of X = 0 are equal, and the tv/o to the right are also equal.
2.2,6
The Action Potential of the Muscle Fibre.
In muscle, the mechanism of conduction of the impulse is 
similar td that in nerve, but it is propagated more slowly. Also, 
the shape of the intra-cellular potential differs in that the rate
27
of return to the resting value is very slow. The ratio of the rising 
to falling gradients is observed to be 27 to 1 (Hàkansson, 1957»
Fig. 7)* The membrane current during repolarisation is very small 
(Fig. 2,2.5). The resulting extra-cellular potential as in nerve, 
undergoes two main excursions, the first one is positive going.JThe 
final positive going excursion, although extended in time, is of 
negligible amplitude, Hàkansson (1957) in his experiment on a single 
muscle fibre of frog in Ringer's solution, recording potentials with 
a glass microelectrode, showed this by simultaneously recording the 
intra-cellular and extra-cellular potentials in the same plane around 
the fibre (Fig, 2.2.6). The latter was only about one per cent of • 
that across the membrane, and had a simple diphasic shape. The peak 
to peak amplitude just exceeded one millivolt, and the peak to peak 
duration was 0.3 msec. The duration of the internal potential, 
measured between the zero potential crossings, was 2.5 msec. An 
experiment conducted by Krakau (1959) under similar condictions, also 
showed the diphasic shape of the external action potential. Nakao et 
al (1965) also showed this, but used a monopolar concentric, needle 
electrode. In human subjects, single fibre potentials are only 
recorded after a period of denervation when individual muscle fibres 
contract spontaneously. Denny-Brown and Pennybacker (1938) observed 
the small potentials now termed "fibrillation of denervation" 
(Marinacci, 1955 P* 4)- They are typically of short duration of about 
1 msec total, and a small amplitude rarely exceeding 100 pV peak to 
peak (Walton, 1952). They are of monophasic or diphasic shape. The 
concentric needle is commonly used and it has- been shown by Weddell 
et al, (1944) that as the needle is rotated so the shape of the 
detected potential changes. The concentric electrode used in electro- 
myograpliy has an inclined bevel. Its orientation may account for the 
monophasic records sometimes obtained from single fibres in vivo.
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Allowing for the difference in speed of propagation, the time 
course,of nerve and muscle intra-cellular potentials is similar for 
the main positive going phase. The inference is that the local 
circuit phenomenon and the depolarising effect, due to the flow of 
current arising from the inrush of positive ions influencing the 
membrane immediately ahead, are the same for muscle as for nerve.
2.2.7
Action Potential Parameters.
Hodes (1953) gave the relationship between diameter and conduction 
velocity in the giant nerve axon of the squid. It was linear, and in 
accordance with the accepted correlation for vertebrate and myelinated 
fibres. In unmyelinated fibres of vertebrates the velocity is 
proportional to the square root of the diameter, (Brazier, I96O).
Nerve fibres range in-diameter from 1 pm to 20 pm. According to size 
and type, they conduct impulses at speeds from 2 m/sec in small 
unmyelinated fibres to 100 m/sec in the larger ones, which are usually 
myelinated. The myelin sheath is an effective electrical insulator 
covering the nerve. It is interrupted at regular intervals giving a 
segmented structure to a fibre. The function of the sheath is to 
restrict the ionic flow to the nodal interruptions, enabling impulses 
to be propagated at much higher speeds. However, reference will only 
be made to the unmyelinated form, whose conduction mechanism is very 
similar to that of muscle fibre.
2.2.7:1
Conduction Velocity.
The conduction velocity has been measured in the larger muscles 
of humans and found to be remarkably constant. With electrical 
stimulation Buchthal et al (1954) obtained a figure of 4-02 m/sec,
S.B. = 0.43 m/sec, and with voluntary stimulation in the brachial
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biceps (1955)^ it was 4*7 « 0.1 m/sec. In 1958 Buchthal and Rosenfalck 
obtained values from 3*5 to 4-5 m/sec, but found no correlation 
between a reduction in the mean fibre diameter and the lower 
conduction velocities. Buchthal et al (l955)b referring to earlier 
work, mention as the cause of the large measured variability, confusion 
between one fibre and a n o t h e r t e c h n i q u e  was to insert several 
needle electrodes along the length of the fibres. The presence of a 
short duration response was taken as an indication of activity within 
0.5 mm of the recording electrode. Meda and Perroni (195^0 found the 
mean speed of conduction in the quadriceps femoris was 4*26 m/sec,
S.I). = 0.78. They used two fine wires in a hollow needle, serving as 
electrodes and positioned so that their tips were grossly parallel to 
the direction of the muscle fibres; and measured the time interval 
corresponding to the spacing of the wires.
2.2,7.1 .
Duration.
The commonly accepted practice for the measurement of total 
duration, is to take the time between the point where the first 
excursion departs from the baseline and the point of return of the 
final excursion (Beardwell, I967). Buchthal et al (1954), Buchthal 
and Clemmesen (194I), and Petersen and Kugelberg (1949), quote the 
totql duration of action potentials. When recording triphasic 
potentials, Jasper and Ballem (1949), Lundervold and Chuh Luh Li (1953), 
refer to the negative going component termed the spike duration, which 
is also the largest of the three phases. The total duration is not 
clearly defined by the authors, for there is no definable point at 
which the deflection begins or ends. The initial and final rates of 
rise and fall follow a lav/ with respect to time, which is intermediate 
between inverse and inverse square. This aspect is developed in section
.1
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3.6. Their method of measurement is visual estimation, in which 
consistency depends on individual skill, the form of the action 
potential, and on the ratio of height to width of the most discernible 
part. The only accurate way of measuring the duration is by making 
reference to clearly defined aspects of the waveform such as 
intersections with the baseline, or interval between turning points. 
This latter is more easily accomplished, and has the advantage of a 
physical.interpretation ( see chapter 3), This method cannot be applied 
to a monophasic wave, but some standardising of amplitude and time 
scales and taking points as a function of say 10 ^ and 90 i<> of peak 
amplitude would appear appropriate.
Ekstedt (1964) defines the "spike" (Pig. 2.2.7) of the action 
potential as denoting the fast going excursion joining the positive 
and negative peaks of a clean, smooth action potential of the type 
shown. The term is used irrespective of the disposition of.the source.
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H* 60 mV
Na
488 12 524
Na Cl
Pig*. 2.2.1 Distribution of ions across the surface membrane of 
a nerve fibre during the resting state.
Prom Woolf (I962) Pig, 2.
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Pig. 2.2.2 Potential and ionic current changes of nerve in situ. 
After Ecoles (1953) and Tasaki (1959)•
Active Region
Direction of Impulse
Pig. 2.2.3 Local circuit current flow.
Prom Katz (1966) Pig. 9*
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Pig. 2.2,5 Potential and ionic current changes of muscle in situ. 
Adapted from Pig. 2,2,2*.
36
IntracellularPotential
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Pig. 2,2,6 The muscle fibre action potential in a conducting 
medium.
From Hàkansson (l95?) Fig* 7*
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Fig, 2.2.7 Action potential nomenclature. 
From Ekstedt (1964).
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2.3 '
Theories of the Form of the Extra-Cellular Action Potential in Muscle.
In this section of the review is given an outline of the 
historical development of the models and hypotheses of the form of 
the action potential in muscle. By form, is meant the profile of 
potential (the current flow was considered in the earlier theories) 
along the fibre, corresponding to the electro-chemical impulse 
associated with muscular contractile activity.
2.3.1
The Negativity Hypothesis and the Gore-Conductor Theory.
The earliest reported hypothesis about the form that electrical 
activity took in muscles and nerves, originated with Bernstein’s 
(I871) membrane theory and the "negative variation" of the "current 
of action". MacLeod (1938) reviewing some of the earlier theories, 
explains the "negativity hypothesis" (Pig. 2.3.1) or "theory of 
distributed potential differences" (Fig. 2.3*4) as derived from 
experiments performed in moist air when it was invariably found 
that.when one electrode connected to a galvanometer was on active 
•and the other was on resting (cardiac) muscle, the active muscle 
was negative with respect to the resting part of the muscle. Such 
observations gave rise to the theory that muscle became negatively 
charged when active. When the length of muscle fibre (Fig. 2.3.1’) 
under investigation, is entirely in air, bhe moist surface of 
regions A-X and X-D, each probably behaves as an extended conductor 
for potential differences confined to a small region about X. As 
soon as the muscle fibre is immersed in a saline bath, current 
flows between the fibre and the surrounding medium in local circuits.
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The potentials, as indicated by a current or voltage measuring 
instrument, are found to be much more localised than is implied 
by the negativity theory. (See MacLeod, 1938).
The oore-conductor theory was advanced by Hermann in 1879*
This is similar to the theory of conduction in an electric cable 
where there is negligible loss of voltage over moderate distances.
On the contrary, the modern theory of Hodgkin and Huxley (1952) 
relies on a very rapid attenuation with distance of potential due 
to resistive losses. Hermann’s theory is best understood with 
reference to the account by Brazier (I96O, p. 58), and to Pig. 2.3.2. 
Into the active region, current flows from the institial fluid, and 
out again in both directions along the core. It may be seen there 
is one sink fed by two sources. When current flows, the active 
region acquires a negative potential relative to the surrounding 
medium (interstitial fluid), and so may be considered as if it were 
a negative electrode. The current flowing out at each source acts 
as. a local stimulus, discharging the membrane, setting up two new 
regions of excitation extending in each direction, and leaving 
behind an active region of steadily increasing length. It may be 
supposed that Hermann's term "core-conductor" described this 
mechanism of current flow in the core of the fibre. As recently 
as 1958, Gelfan observed, "An analysis of core conduction in muscle, 
comparable to the theoretical and experimental analysis for nerve by 
Lorente do No, is not available, but there is no reason to believe 
that muscle, like nerve, is not a core conductor".
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2.3.2
The Doublet Theory. ' ,
Craib (I927) quotes Einthoven (1913) as representing the 
electrical field of the heart as two points or poles on a straight 
line, with a potential difference between them, the two points 
being situated in the middle of a conducting equilateral triangle. 
Current flowed from the positive to the negative pole, through the 
surrounding conducting medium. A source of potential having this 
form was referred to by Craib as an "electrical doublet". This 
appears to be the origin of the dipole theory of the,action 
potential of muscle.
The appendix to Craib's paper, contributed by the physicist 
Dr. R. Canfield, gives the equation for the potential field due 
to a doublet at the centre of a conducting sphere (Fig. 2.3.3) 
surrounded by a non-conducting medium as;
V = 2.V0 .a.b.|^^+ |f ^ 008 0 2.3.1
where R is the radius of the sphere, and r the distance from the
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sphere centre to-the point Ç at which 7 is measured, and 9 the 
angle between OP and the doublet axis. The doublet consisted of two 
conducting spheres of radius a, and the distance between their 
centres 2b. The potential of one was -i*7o, and of the other -Vo.
For a medium of infinite extent;
MV = f^osQ 2.3.2
where doublet moment M - 2"%ab 2.3.3
Subsequently, Craib (1928) developed the doublet theory for 
parallel fibres of skeletal muscle, which when stimulated 
simultaneously near to one end, exhibited three peaks ("a triphasic 
effect") when recording monopolarly from a point near the tissue 
immersed in a conducting medium of saline. He represented the action 
potential by two back to back doublets, the negative poles in the 
middle, having obtained four and sometimes more turning points with 
bipolar recording, depending on the distance between the electrodes. 
This v/as an example of the differentiating effect of bipolar 
electrodes on a time varying voltage.
2.3.3
Dipole Theories.
Independently of Craib, Wilson et al (1933) had developed from 
physical considerations of current flow in a conducting medium, a 
dipole model to represent source and sink. Both of these papers .on 
the doublet (dipole) theory representation of muscle action potentials 
have had their validity questioned by Gilson (I927), Bishop and Gilson 
(1929), and flatly denied by Gilson and Bishop (1934)*
Gilson and Bishop (1937) not only at length denied the validity 
of the dipole theory, but proposed that all potential records obtained 
by^adherents of that theory could be explained by reference to the 
generalised classical or "negativity" hypothesis. They based their 
comments on experiments with the iron wire model described by Lillie
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(l929f 1936), which they carried out referring all their measurements 
of potential to that of the iron wire. They thus obtained monophasic 
deflections. In their paper (l93?) on the interpretation of the form 
of heart potentials, they assumed the potential of the medium as a 
whole would' follow the average potential of the muscle surface, so 
that when the muscle changed from a resting to an active or 
depolarised state, the potential of the medium as a whole also changed. 
Implicit in this belief, is the notion of inequality between sources 
and sinks, and of electric charge building up in muscle during 
contraction. Gilson and Bishop would, if they were considering the 
dipole model, have referred their measurements to one electrode of 
the dipole pair, when the potential of the whole medium would be seen 
to vary. When this standpoint is understood, interpretation of their 
work becomes possible. Fig. 2.3.9 has been drawn to illustrate the 
inequality between source and sink. On the other hand, the proponents 
of the dipole theory refer measurements made with an exploratory 
electrode, to the medium as a whole. The potential of the medium is 
that of a reference electrode well spaced from the region of activity. 
That is to say, the field produced by the muscle fibres is very weak 
at the reference electrode. Bishop and Gilson (I929) in their version 
of the core-conductor theory, propose a ’transverse polarization 
’’doublet", usually referred to as a Helmholtz double layer’. This 
theory of radially orientated potential differences (Fig. 2.3.10) is 
developed further by Bishop (1937)• It requires that the potential 
radially across the active region of the cylindrical membrane, has 
the form of two concentric rings, the inner one being positive, 
moving along the excited fibre. The concentric dipole produces a 
field causing current to flow into the small active (negative) 
circular region and pass along the conducting core and out again all
43
the way along the inactive regions of the surface membrane of the 
muscle or nerve fibre.
MacLeod (l938) quoted Lewis (1922) who, in studying the 
electrical activity of the heart in situ, found the sign of the 
galvanometer deflection depended only on the direction in which the 
impulse was at the moment spreading, and not on the location of the 
mass of the active muscle as a whole with respect to the mass of 
the resting muscle. He put forward the hypothesis which he called 
the theory of limited potential differences (Fig. 2.3.5)* He went 
on to say there was good experimental support for the belief that a 
potential difference existed at the junction between active and 
resting muscle, the positive pole being turned towards the resting 
muscle. His analysis was a hypothetical one based on voltage doublets 
longitudianlly orientated to represent active muscle. Not only was 
there no concept of ionic current flow, but there was no consideration 
of current flow. It was not until 1939 when the work of Hodgkin and 
Huxley was getting under way that their observations of ions and 
current flow resulting in changes in potential led to more realistic 
physical models, and to a clearer explanation of the observed changes 
of potential in muscle and nerve membranes.
2.3.3.1
Lillie’s Iron Wire Model.
Lillie (1936) made use of electro-chemical action on the surface 
of passivated iron wire in nitric acid to demonstrate some general 
properties of the nerve action potential. In Fig. 2.3*11 are 
illustrated the conditions of the local circuit at the boundary 
between the active and passive areas of the iron wire. The direction 
of the current is indicated by the arrows, the active region (shaded) 
being anodal, and the passive is cathodal. The local intensity of the 
current in the passive region (and hence the reducing or activating
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effectiveness) decreases in the order A<. B<G;  beyond a certain 
distance from the. boundary, e.g. XY, it will be insufficient to 
activate.
2.3.4
Dipole or Bipolar Theory of Wilson,.MacLeod and Barker,
Their observations (Wilson, 1930; Wilson et al, 1933) of 
electrical waveforms of activated heart muscle fibres led the authors 
to suppose the same effect would be produced as would occur if the 
wave in the excited tissue was ' preceded by a source and followed by 
a sink. They proposed a simple model of a longitudinally orientated 
dipole, travelling along the muscle fibre (Fig. 2.3.12), They derived 
an equation for the potential of a point P = (x, y) referred to 
Cartesian coordinates, in the plane of the dipole (-a, O), (a, O),
y(x-a)='+ ) 2.3.4
Their plot of V against x gave a waveshape with one trough and one 
peak, which was very similar to a diphasic action potential (Fig. 2.3.13). 
The latter part of their paper was devoted to describing a model 
which had the form of a surface polarised disc moving along its axis 
(Fig. 2.3.14). Their theory of the dipole representation of the muscle 
action potential, so well put in their paper, apparently was not 
developed further, for during the 1930's, there was a continuing 
controversy about the core-conductor and polar theories. These latter 
lapsed until Ashman et al (l940) using monopolar recording obtained a 
diphasic potential from a muscle strip immersed in an extensive 
conducting solution. The indifferent lead was at a distant point in 
the solution. The experiment was similar to that of Gilson and Bishop 
(1934)» but the electrode dispositions for monopolar recording 
permitted the taking of easily interpreted records, and Ashman 
concluded the dipole representation was correct. An equation for the
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potential at a point in a volume conductor resulting from a known 
ionic charge distribution, was given by Bayley (1939).
Bishop (1941), in a review gave a short account of the opposing 
views on the dipole theory and the membrane hypothesis. With this 
brief summary, the controversy fades out of the picture. The next 
major step in understanding the nature and form of the external 
action potential was Lorente de No’s monumental work (1947) containing 
his account of the plotting out of the field and isopotentials due 
to. a single nerve fibre. To support the nerve he used blotting paper 
maintained in a v/et condition by a dish of Ringer's solution.
Following each stimulus and elicited action potential, he was able 
to plot a single point, and eventually built up a set of curves 
corresponding to-a given time interval after the stimulus. The 
tripolar origin of the field was conclusively demonstrated, 
confirming the Hodgkin-Huxley equations (Noble, I966). ■
2.3.5
Recent Physiological Evidence for the Form of the Action Potential,
Hakansson (1956, 1957) measured the conduction velocity and 
recorded the action potential of a muscle fibre in Ringer’s solution 
with a glass microelectrode. The waveshape was diphasic. Using a 
technique similar to that of Lorente de No, the plot of the 
isopotential field due to the action potential was clearly dipolar 
in origin, but with a slight assymmetry along the fibre. Krakau (1959) 
also using a glass microelectrode obtained diphasic records.
Rosenfalck (1957) in commenting on action potentials arising from 
current sources, and the proportionality between the second derivative 
of the intracellular potential and the volume conducted potential, 
refers to earlier work (Buchthal, Guld and Rosenfalck, 1955). They 
found that in situ, inactive cells surrounding the active one act as
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insulators, causing lowered conductivity in a transverse direction 
to only about half that along the cell. They concluded the transverse 
spread of current was reduced by 30 $6, and that the amplitude-to- 
distance relationship y/as steeper than it would be in an isotropic 
conductor. Nightingale (l957) assumed that the external potential 
underwent the same time course as the internal potential, and that 
the diphasic recording was the result of using a pair of recording 
electrodes. However, this did not detract from the value of his 
findings. Tasaki (1959) gave details of an experiment in which the 
current flowing through a 2 mm length of the membrane of a nerve 
fibre v/as recorded. The amplitude-time waveform was triphasic.
Mauro (1960) using an electrolyte tank showed how electrolyte in a 
narrow vertical chamber marked off by two partitions, on either side 
of which was more electrolyte at a lower concentration, could exhibit 
a single potential maximum along its length, while the corresponding 
external potential on the other side of a short region of cation 
permeable membrane showed two maxima and a minimum.
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2.3.6
Recent Application of the Dipole Model.
Brown (1968 a) in his work on the detection of nerve action
potentials in human subjects, proposed a simple dipole membrane
model (Fig. 2.3.15) for the action potential of a single fibre.
The boundary between depolarised and polarised .regions gave rise to
a dipole (Fig. 2.3.15a). The potential at a point P was given by,
A.K.m^ . a.xTp = - ( Ï Ï T 7 i O ¥  2.3.5
where A is the dipole area, m.a is the dipole moment, and K is a 
constant.. Uniform movement of the dipole in a direction perpendicular 
to the plane of the dipole would give rise to a diphasic potential 
(Fig. 2.3.150). He then considered the case of a rapid depolarisation 
followed by a rapid repolarisation of a nerve fibre. This he 
represented by two back-to-back dipoles (Fig. 2.3.16a) with a small 
separation, which Was his model for the nerve action potential. It 
would give a triphasic potential (Fig. 2.3.16b). The potential at
P is. Vp = y')}
where 2s is the distance between the dipoles.
When X and y are much smaller than the distance r , the potential 
falls off as the inverse cube, and the time between'successive peaks 
is proportional to the depth of the nerve from the recording 
electrode. Brown (I968 a, b and c) appears to be the first in 
proposing a simple mathematical model for the action potential of 
nerve, supported by quantitative experimental work.
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2.3.7 •
Fall-Off in'Potential with Distance.
When investigators have commented on the diminution.of 
detected amplitude of muscle potentials with distance of the 
recording electrode from the position giving maximum amplitude, 
they agree there is a rapid fall-off. Weddell et al (1944) found 
that with a movement of only 5 mm, the amplitude had decreased to 
base-line level, i.e. it was lost in noise. Buchthal et al (1954) ' 
with isolated frog muscle fibres in Ringer's solution, found the 
potentials had dropped to one-tenth of the amplitude at the surface 
of the fibre at a distance of less than 0.5 mm from the fibre. But, 
Basmajian and Latif (l957) have stated that potentials can be picked 
up in as much as one cubic inch (more than 1600 mm^) of muscle.
Buchthal et al (1957) found motor unit potentials decreased 
with distance to the minus 2.4 power law. Hâkansson (1957) found 
that at a distance exceeding 0.15 nun from the axis of a muscle fibre 
in Ringer's' solution, the amplitude decreased to the minus 1.3 power 
law. He also found that amplitude varied as the square of the fibre 
circumference.
2.3.8
Discussion.
The model employed by Brown (1968 a) for the action potential 
of nerve, proposes a dipole corresponding to a transition from the 
resting state to the depolarised (active) state, and a second dipole 
for the transition when the resting state is restored. This gives 
rise to a pair of back-to-back dipoles, equivalent to a tripole. It 
is known from physiological evidence (Tasaki, 1959; Lorente de No, 
1947; Hakansson, 1957; Krakau, 1959) the action potential of a nerve 
fibre gives rise to a tripolar field, whereas in muscle, the field 
is dipolar. Brown's model fits the former case. In the latter.
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a difficulty arises when considering the single dipole, for the 
fibre will remain in the depolarised state. His model is based on the 
membrane theory of the double layer, and is set down in terms of a 
physical model such as is used in electrostatics. The net effect of 
the double layer having a cylindrical shape, is zero at any point 
outside. In the physiological case, the charge inside the cylindrical 
membrane is electrically insulated from the outside during the resting 
state. Also, because there is no ionic current flow, the outside of 
the membrane must be isopotential with the surrounding medium. The 
dipole double layer of the membrane model can exert no external 
influence, but it is the ionic current flow proportional to the second 
derivative of the potential across the membrane in the ionic dipole 
model, which gives rise to potentials in the medium. The transient 
change of transmembrane potential is the result of a transient build­
up of sodium ions in the fibre and is proportional to the second 
integral of the transmembrane current, from which is subtracted the 
resting potential, a constant. However, a double integration of the 
diphasic waveform will give rise to a step change. The internal 
potential in the muscle does restore slowly, so the inference is 
made of a small current spreading out along the membrane during 
repolarisation (Hakansson, 1957). This second dipole is obviously 
vary weak.
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DXA Active Passive
Fig. 2.3.1 Bernstein's negativity theory. 
From MacLeod (1938).
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Interstitial Fluid C l
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Interstitial Fluid ^ ^
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ActiveRegion
Fig, 2.3.2 The Core-Conductor Theory of Hermann. 
From Brazier (I96O) pi. III.
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Dipole Axis
Fig. 2.3*3 Isopotential lines about a small dipole (doublet) 
in a sperical conductor.
From Canfield (192?) Pig* 17*
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Ëarly The or i es of the Distr ibut i^o n joJ" Potent! al in an Excited^ ; Mu sol e Fibrej
r-
Active Region
______ A...______ A
ActiveRegionMoving
Fig. 2.3.4 Theory of Distributed Potential Differences, 
otherwise, the Negativity Hypothesis.
Fig. 2.3.5 Theory of Limited Potential Differences 
of Lewis (1922) by MacLeod.
Fig, 2.3.6 Doublet Theory of Craib (I927) by MacLeod,
Doublet Doublet
-f 4- .H 4-v .4- ++ -»-* ;i It4- ■+ — — — —
Dipole 
> Dipolet-tt~ -+ +•
Fig. 2.3.7 Doublet Theory of Craib (I927) by Shararoth.
Fig. 2.3.8 Dipole or Bipolar Theory of Wilson et al (1933) 
by MacLeod.
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(a) Initial Condition. 
Surface Passive.
No current flow. 
Medium at zero 
potential.
Mid-potential line
("b) Beginning of 
activity.
Current flows
between active
and passive areas.
(c) Activity over 
half of
Medium now at
half of maximum
potentialsurface
(d) Most of surface 
now active.
(e) Final Condition. 
Whole of surface
Medium now at
potential of
active surfaceactive
The Iron Wire Model of Gilson and Bishop (1937).Fig. 2.3.9
Surface
Sheath
Core
Surface
ActiveRegion
(a) Muscle fibre, shown in cross section.
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Muscle fibre core
Lines of current flow in surrounding medium.
(b) Current flow around active fibre, interpreted from Bishop and Gilson.
Fig. 2.3.10 Core-Conductor Theory of Bishop and Gilson (1929)
and Bishop (l937)*
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Active region, anodal Passive region, cathodal
Fig. 2.3.11 Lillie's Iron Wire Model (1936).
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Fig. 2.3.12 The Dipole Model of Wilson, MacLeod and Barker, 
Prom Pig. 3 of Wilson et al (1933).
Fig. 2.3.13 Curve defined by equation (2.3.4).
Prom Pig. 4 of Wilson et al (1933).
Muscle fibre
Polarised disc Movement  ^
Pig. 2.3.14 The polarised disc of muscle fibre membrane.
Adapted from Pig, 11 of Wilson et al (l933).
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Model of extra-cellular nerve
action potential of Brov/n'(1969) a .
+ + + ++
(a) Cell with polarisation reversed, so giving rise to a finite
potential at point P outside the cell. Solid angle S = g.sinQ 
A.x(x2 +
(h) Geometrical arrangement of a wavefront 
and an electrode at a point P distance 
r from the wavefront.
Wavefront
X P
y
Wavefront of —  area A. .
(C) upper trace shows a wavefront
at the point of cell
depolarisation; and the lower
trace shows the potentialTime
produced at a point P as a
function of distance from the
wavefront.
(a) Geometrical arrangement of the two wavefronts of depolarisation 
and repolarisation, and an electrode at point P.
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Repolarisation Depolarisation
2s
Time
(b) Potential produced at a point P as a function of distance r 
from the wavefronts.
Pig. 2.3,16 Model of extra-cellular action potential of nerve, 
Brown (I969 a)«
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2.4
The Electrorcyogram.
The basic unit of electrical activity in a muscle is the 
single fibre potential. The summation of these potentials into 
sub-unit and motor unit potentials is outlined. The firing rates 
of these, ahd the arrangement of the detecting electrodes are 
factors affecting the form and amplitude of the electromyogram.
2.4.1
Single Fibre Potentials.
The shortest duration potentials are those of single fibres 
in denervated muscle (Denny-Brown and Pennybacker, 1938). They can 
only be detected by a small electrode inserted into the muscle, 
when the recording tip is very close to the muscle fibre. They are 
recognised not only by their short duration of 1 or 2 msec (total 
duration) or I36 psec peak-peak (Buchthal et al, 1997), and 
amplitudes which rarely exceed 100 pV; but also by their regular 
sequence at rates of around two or more per second.
2.4.2
Sub-Unit Potentials.
In normal muscle, the smallest discrete potentials arise when 
the recording electrode is in the midst of the fibres of a sub-unit 
of a motor unit. At a distance of only O.9 ^m from the position 
giving a maximum, the amplitude of these potentials has decreased 
by 90 (Buchthal et al, 1957). They also estimated that up to 
thirty fibres contributed to the subunit potential.
2.4.3
The Motor Unit Potential.
Buchthal et al (1957) pointed out that confusion has arisen 
from the practice of designating as motor unit action potentials, 
those potentials which arise mainly from subunits near to the 
recording electrode. Both amplitude and duration of the motor unit
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potential are greater than that of the constituent subunits. The 
duration is commonly some' six times greater. Buchthal et al (1957) 
give as the explanation the superposition of temporally dispersed 
potentials from more distant parts of the motor unit. Beardwell (19&7) 
in a review article, in support of this view, attributed the longer 
durations to (longitudinal) dispersal of the motor end plates, 
spreading the potential over 7 to 10 msec as compared with 1 to 3 msec 
for the single fibre. Bauwens (l950) used an electromechanical model 
to demonstrate the summation of synthetic action potentials with 
variable time delays on the screen of a cathode ray oscilloscope. 
Bauwens was satisfied with this model as providing an explanation 
for increased durations, but for durations of 3 msec or more, he 
thought it might be related to the electrical properties of the 
surrounding tissues, and to the position of the recording electrode. 
This can be proved to be correct by applying the laws of volume 
conduction to the summation of potentials from fibres in a motor 
unit (chapters 4 and 9). Woolf (1962) in discussing the finding by 
Buchthal et al of the simultaneity to within 0.5 msec of the onset 
of the motor end plate potentials, is not satisfied*that spatial 
dispersal of their positions of origin is a sufficient explanation.
He refers to the possible effect of volume propagation on the more 
distant subunit potentials, but does not develop this aspect in his 
review.
2.4.4
Synthetic Electromyogram.
Moore (1967) made a computer aidéji study of a synthetic 
electromyogram. Large numbers of identical diphasic waves distributed 
at random intervals with considerable overlap between individual 
waves, were sumrnated. The results bore a close resemblance to a 
natural electropiyogram.
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2.4.4.1
Observation on the Summation of Diphasic Waves.
If one complete cycle of a sine wave is taken as the prototype 
for the diphasic waveform of the action potential, the summation of 
a series of these one-cycle waves, each displaced .or delayed with 
respect to the next by a constant, can be used as a simplified 
example to show the summation of muscle fibre potentials. With a 
constant phase angle delay of 0, then for delays 0 < there
will be summation of the individual waves, but for delays 
there will be more cancellation than summation.
2.4.5
Firing Rates of Motor Units.
The tension produced by a voluntary muscle is increased by the 
increase of firing rate of the constituent motor units, and by the 
recruitment of more motor units. Lindsley (1935 ) found the lowest
rate of response in voluntary contractions was 3 pulses per second 
(p.p.s.) and the highest at 50 p.p.s., and during weak contractions, 
motor units began to respond at rates between 5 and 10 p.p.s. Similar 
results were reported by Bigland and Lippold (1954), who found a 
lower limit of 8 p.p.s. rising with total muscular tension to between 
40 and 50 p.p.s when the muscle was approaching maximum voluntary.: 
contraction. Frequencies exceeding 50 p.p.s. were never observed.
The lower observed rates of discharge frequencies ranged from 8 .to 
25 p.p.s. and the higher were I5 to 45 or 50 p.p.s. Over the greater 
range of tension (25 to 75 % of maximum) most of the faster firing 
motor units fired at 25 to 35 p.p.s. They observed that particular 
units became active at specific levels of contraction, and that the 
relation between muscle tension and firing frequency of individual 
units was an 8-shaped curve. Two such curves are shown in Fig. 2.4*1.
In the first part of the experiment, they measured the force exerted
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by two muscles in the hand, as a function of stimulation frequency, 
and found a linear relation which tailed off. between 35 and 45 p.p.s., 
above which the tension did not increase. Maximum tensions were 
obtained at the highest rates of 45 to 50 p.p.s. It is at these 
highest rates that twitch fusion takes, place. Thus, the force exerted 
by a muscle below the twitch fusion frequency, is a linear function 
of the number of motor unit contractions in unit time, and it can be 
inferred that both recruitment of motor units, and an increase in 
the firing rates are independent mechanisms for increasing the 
tension exerted by a muscle.
These two mechanisms are thought to be employed in providing 
two forms of control of muscular force.- The level of force is set 
by the number of active units, but fine adjustments are obtained by 
changes in the firing frequency. Lindsley (1935 ') observing 
sustained motor unit activity over periods of 15 to 30 minutes, 
found no sign of rotational activity or variation in frequency or 
amplitude.
2.4.6
Electrodes.
Electrodes used in electromyography can be put into the two 
categories of needle and surface types. Needle electrodes, because 
of their better localisation of potentials are in general use in. 
clinical electromyography, but they need'to be in a sterile condition 
before insertion. The presence of a needle in a muscle usually causes 
discomfort, and sometimes pain to the subject. Recently, Basmajian 
(1962) has developed fine bipolar wire electrodes which may be left 
implanted for several hours during experimental work, and then with­
drawn painlessly. On the other hand, surface electrodes can be 
attached easily, and can be used where activity of the whole muscle 
is under investigation.
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Needle electrodes appear in three main forms. The simple 
needle (Fig. 2.4.2a) is made from a fine steel sewing needle insulated 
except for the small region close to the tip. The monopolar concentric, 
more often called a coaxial electrode or simply concentric, is made 
from a stainless steel tube as is used for a hypodermic syringe, into 
which is drawn a fine insulated wire firmly secured by an insulator 
such as an epoxy resin. Both wire and tube are ground off steeply 
(Fig. 2.4.2b). The bipolar concentric electrode is a development of 
the monopolar form, having two fine wires, side by side, drawn 
through the tube (Fig. 2.4.2c).
The concentric form introduced by Adrian and Bronk (1929), is 
popular with clinicians conducting routine electro-diagnosis of 
neuromuscular disorders. Monopolar forms, both surface and needle 
need to be Used in conjunction with an indifferent reference electrode, 
a metal plate strapped about the limb or trunk near to the muscle 
under investigation. Because of its large area, it picks up the 
average potential of the muscle and limb or trunk. The monopolar 
needle, because of the small volume of the muscle tissue in contact 
with it, acquires the potential at that point in thd muscle.’Similarly, 
the surface electrode gives the potential of the area of the skin 
immediately underneath; but because of its greater size, averages 
over a greater region. During weak contractions, skin electrodes- are 
more effective in recording the electromyogram than the coaxial needle 
electrode, and conversely, the intramuscular form is better with 
moderate contractions (Person, 1963).
Bipolar forms record the difference in potential at the two 
electrodes, and have no need for an indifferent electrode. However, 
it is standard practice to connect an earth-plate electrode to the 
earth terminal of the amplifier. This prevents common mode interference
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arising from stray fields, particularly those from electrical power 
wiring, overloading the amplifier.
Table 2.4*1 summarises the main properties and applications 
of electrodes used in electromyograpliy.
2.4.7
Electrode Properties.
Generally, muscle action potentials recorded between monopolar 
needle and large distant indifferent electrodes, are higher in 
amplitude (Landau, 1951; Glasser, I960) than those obtained from the 
monopolar concentric type introduced by Adrian and Bronk (I929); but 
durations were similar (Close, 1964; Petersen and Kugelberg, 1949)* 
Using a bipolar version of the concentric needle, Adrian and Bronk 
(1929) secured a sharper localisation of action potentials, and Close 
(1964) and Petersen and Kugelberg (1949) report the recording of 
potentials of smaller amplitude and shorter duration. Landau (l95i) 
made the same observations for motor unit potentials when comparing 
the two types of concentric electrodes, but found that single fibre 
potentials were similar in amplitude and duration with each type. 
Bigland and Lippold (1954) using a pair of fine wires twisted 
together, with only the cut ends acting as electrodes, found them 
very selective and were able to follow potentials from a single motor 
unit throughout a maximal contraction. Lindsley (1935 •) also found 
that a pair of wires, in which only the ends were bared of insulation, 
were highly selective, and noted the need for greater amplification 
than when using a monopolar wire electrode.
An improvement on the high discriminatory properties of the 
bipolar concentric electrode was reported by Post (1964) who used 
two such electrodes spaced 0.5 cm, each connected to a balanced 
amplifier, whose outputs were taken to the input of a third balanced 
amplifier from which the difference of the differences was recorded.
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He was able to observe from motor units, potentials almost free of , 
the interference pattern during maximal volition.
An interesting variation in the concentric needle electrode, 
is the one with variable geometry used by Denny-Brown (1949)> in 
which the core lead was a loosely fitting insulated wire whose 
protrusion beyond the end of the canula could be varied. He found 
however, that single motor units could be more readily isolated when 
the core wire did not protrude from the needle, but presented only- 
its bared surface at the lumen.
Using a concentric needle electrode, Buchthal et al (1957) 
found that in moving it away by as little as 0.5 nira from the site 
giving maximum amplitude, the amplitude fell from 500 pV to one 
tenth of this value.
2.4.8
Discussion on Electrodes.
A small monopolar electrode in contact with a volume conductor 
in conjunction with a large, remote, indifferent electrode, records 
the potential at that point in the medium with respect to the medium 
as a whole.
Bipolar electrodes record the difference in potential between 
two points in the medium. When they are close together, such that the 
curvature of the isopotential lines is large with respect to the 
electrode spacing, they detect the field gradient. When the field is 
moving uniformly through the medium, the electrodesrrecord':the time 
differential. This will be so for fine intramuscular wire and bipolar 
concentric forms (see section 2.4*6 and 2 4.7). When they are widely 
spaced as in surface electrode electromyography, nearby activity is. 
recorded twice (see section 5.>5'.3), Tripolar electrodes connected to 
record the difference of the differences, record the rate of 
curvature of field, and doubly differentiate the field. Differentiation 
can be expected to modify profoundly the amplitude and frequency
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spectra of electromyograms.
Bipolar electrodes' also have directional properties. Weddell 
et al (1944) commented on this property when using the monopolar 
concentric electrode. It depends on the orientation of the bevel. 
Similarly, the alignment of bipolar electrodes with respect to the 
direction of the muscle fibres can be expected to modify the form 
of the electromyogram. It is normal practice to place them in line 
with the muscle fibres, because a greater amplitude is obtained.
A pair of electrodes placed longitudinally records the difference 
along the potential field. When placed transversely, those fibres 
which are equidistant from the electrodes, will produce no signal.
The supposition can be put forward, that when the electrodes are 
placed longitudinally but symmetrically with respect to the motor 
end plate plane, and the muscle fibres are parallel, the two sets of 
action potentials moving in opposite directions would completely 
cancel each other in the electromyogram. Actually, muscles are not 
uniform or of simple shape. In conducting such an experiment, it is 
anticipated that the potentials would not cancel out completely, but 
that the amplitude be smaller than usual, and the spectrum different.
The greatest values for motor unit potentials would occur with 
the greatest spacing between the electrodes, and this can be obtained 
with monopolar recordings. The closer the two electrodes are, the 
smaller is the field intercepted. However, the motor unit records 
obtained with the monopolar concentric (coaxial) needle electrode, 
differ only slightly in duration as well as amplitude from those 
obtained with the simple monopolar needle and.distant plate. It must 
be supposed that certain physical properties of the coaxial type in 
a volume conductor are similar to those of the monopolar type. The 
supposition could be tested by plotting the detection properties of 
each type in an experimental electrolyte tank.
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The potentials obtained with symmetrical bipolar electrodes 
both shielded and unshielded show not only the expected diminution 
in amplitude, but a shortening of duration. On the other*.hand, 
single fibre potentials, which can only be observed within a very 
short range of the active fibre, show amplitudes and durations not 
significantly different from those obtained with monopolar or bipolar 
concentric types. The distance between the active fibre and electrode 
may be the determing factor.
2 .4.9
The Interference Pattern.
The electromyogram of a minimal muscular contraction recorded 
with an inserted needle electrode or a surface electrode, and 
displayed on a cathode ray oscilloscope, shows a quiescent baseline 
interrupted by only one or at most, a few recurrent action potentials 
from motor units close to the electrode (Pig. 2.4*3a). As the 
contraction is increased, more action potentials appear with some 
small undulations of the baseline due to more distant activity 
(Pig. 2.4.3b). As the contraction is increased further, more activity 
appears until the baseline is under continuous disturbance. When 
individual action potentials cannot be distinguished, there is said 
to be a full interference pattern (Fig. 2.4.3c). This term is a 
descriptive one used in clinical electromyography. With surface 
electrodes, even a moderate contraction provides an interference 
pattern because all motor unit activity is conducted through the 
intervening tissue and there is no selectivity of motor units.
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2.4*10 . ■ •
Tlae Piper Rhythm.
V/hen recording the electromyogram with surface electrodes 
during a strong contraction, the frequencies around 50 Ha predominate. 
Piper (1907 and I912) was the first to describe this phenomenon. 
Pritchard (l930) also observing the 50 Hz "large waves" with his 
string galvanometer, sought an explanation in "the relation between 
the number of motor nerve fibres and the number of muscle (motor) 
units which they supplied" and that the Piper rhythm did "not 
represent the inherent tendency to discharge at that rate either of 
the muscle or of any part of the central nervous system", Adrian 
(’I947) and Lippold (1967) suggested synchronisation as the explanation 
for the change in spectrum during strong contractions in large 
skeletal muscles. Pex and Krakau (1957) have observed where there 
are strong contractions the frequencies in the 40 to 50 Hz bands are 
stressed, and that there are "variable changes in the frequency 
distribution" (Piper rhythm), Pex and Krakau (1958) have also observed 
that as the level of muscle effort is increased from moderate to 
strong contraction, the strength of the lower frequencies in the 
Piper band of 40 to 50 Hz increase relative to other frequencies 
with needle as well as with surface electrodes.
Dempster and Finnerty (1947) in measuring activity in the 
muscles moving the hand at the wrist, noted a decrease in their . 
frequency data from around 57 Hz for small loading to around 45 Hz 
for large loads. Wilkie (l950) observed that there appears to be a 
fundamental frequency of about 50 Hz. Both Hayes (196O) and 
•Nightingale (1957) have obtained spectra with peaks at, about 50 Hz, 
with surface electrodes.
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Muscle Tension,
as a percentage of
maximum tension.
100 -
90 -
80 -
70 -
60 -
50 -
40 -
30 -
20 -
10 -
Lower frequencies
Higher frequencies 
obtained
obtained
I
20
I
30
I
5010   40 
Motor Unit Discharge Frequency, impulses per second.
Fig, 2,4.1 Muscle tension as a function of the firing frequency of 
individual motor units. From Bigland and Lippold (I954).
(a) Monopolar
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Typical Diameter 
• 0.65 mm
(b) Monopolar Concentric
(c) Bi-Polar Concentric
Pig. 2,4,2 Commonly used forma of intra-muscular needle electrode
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V V x y V X A A L A A A A A A A A A A A /W "
Pig. 2.4*3 Build-up of the normal interference pattern.
(a) Single motor unit action potential.
(b) Potentials on minimal volition.
(c) Maximal volition, gives full interference pattern.
(d) Calibration, 50 Hz, 500 pV peak-peak.
Redrawn from Beardwell (I967) Pig. 8.
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3. . ' ■
Volume Conduction Phenomena.
This short chapter sets down briefly, well known mathematical 
laws of potential distribution in a volume conductor. The author has 
produced definitions for tvfo aspects of potential distribution about 
a dipole. The first refers to the increased spacing between the 
turning points with distance from the dipole; and the second is a 
development of this to describe a relation between two (or more) 
similar overlapping fields.
The author considers the interpretation of these two phenomena 
as fundamental to an understanding of how potentials are distributed 
about a muscle fibre, and to explain factors affecting summation of 
these potentials throughout a muscle, considered as a volume 
conductor. The interpretation and development are given in chapters 
4- and 5*
3.1 .
Plow of Electricity in a Conducting Medium.
Some general properties are given of the field distribution
arising from current flow between sources and sinks, whose dimensions
are small compared with the conducting medium in which they are
situated. It will be assumed that the medium has uniform conductivity
in any direction. Two general laws apply to such a volume conductor.
Firstly, Ohm's law; and secondly, for any element of the volume not
enclosing a source or sink, the current entering it is equal to the
current leaving. These.two laws may be combined into a single
mathematical statement (Canfield, I927), a partial differential
:K-equation known as Laplace's equation:
0  • 0  • s  - »
The lines of current flow are everywhere orthogonal to the 
isopotential surfaces. In this work are considered the potential 
distributions.
T T u h  W  n M r f i n  <x m c I
Pomo^ ,'s i h . ^  focwiirtWrf; I) or Oÿ ouHd k  /S
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The law of fall off in potential about a monopole in a 
conducting medium is the same as for the electrostatic potential 
about a charged body in a non-conducting medium. This law states 
that potential varies inversely with distance from the centre of 
the monopole. It can be obtained by consideration of current flow 
in a conductor to which Ohm’s law applies. An electrostatic model 
could have been developed for this investigation; but it was 
considered more sound to develop a model using the same kind of 
quantities as exist in the muscle system to be studied.
3.2
Potential due to a Single Pole.
In an isotropic conductor of infinite extent, if a potential 
be applied to a small sphere, there are radial lines of current flow 
from the sphere. The isopotential surfaces, everywhere orthogonal to 
the current lines, are a series of concentric spheres. If the sphere 
has a radius a, and is at Ve volts, it can be shown that the potential 
at any point P is given by: Vp * 3.2
where r is the distance from P to the centre of the sphere.
It is assumed that the resistivity of the material of the sphere is 
negligible compared with that of the volume conductor.
3.3
Potential due to a Pair of Poles,
Consider.two spheres B and A each of radius a situated at 
(-b, 0, 0) and (b, 0, O) referred to x, y and z coordinates (Fig. 3.1). 
They are at -Ve and +Ve volts respectively. The two monopoles are 
equivalent to a dipole of moment 2bVe. The current flowing between 
the sink and source gives rise to a series of isopotential surfaces 
symmetrical about the x-axis. A plane through the x-axis, which will 
also be feferred to as the dipole axis, intersects these surfaces 
to produce a series of isopotential curves (Fig. 3.2) whose form
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is independent of the orientation of the plane.
The potential at a point P = (x, y, s) 
is given by; Yp = Ye(a/r, - a/r^) 3.3
Close to either pole, the fall-off in potential varies inversely 
with distance, but when P is remote from the dipole, equation (3-3)
can be written: Vp = a.Ve2bcos0 3.4
where r is measured to the origin and 0 is the angle of incidence 
with the x-axis. The fall-off approaches the inverse square in 
any direction.
Putting equation (3.3) in cartesian form, and considering 
Vp in any plane through the dipole axis;
J(x+b)^ + y 3.5
Taking x as an independent variable for given values of y;
— Qf êÔX ^(x+b)^ + y ^  {(x-b)^ + y^}^
At the origin, putting x = 0, the potential gradient is
given by! = f b ^ ) ' ^
Also, turning points exist for
= Ô, and equation (3.6)
beeonies! ^  3.8
This function is real for -b:^x;>b,
Wilson et al (1933? p.43l) had produced an equation of the
same form as equation (3.5), Hut had "not been able to determine
the maxima and minima of this curve analytically".
For large values of x and y in equation (3-8), let (x+b)~*-x,
and approximate to obtain;
y = ±V2.x 3.9
which is the equation to a pair of assymptotes passing through 
the origin, and symmetrical about the x and y-axes (Fig. 3.3).
x+b x.-b 3.6
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3.4
Spacing of the Turning Points.
The turning points are defined as the intersections of the 
isopotential curves with a family of lines y = k, a constant. With 
increasing values of k the turning points are further apart (Fig. 3-4)• 
To describe this phenomenon, the author has introduced the term 
"spread", which may be defined, for a given k, as the ratio of the 
spacing between the turning points to the length of the dipole.
When y»b, spread, S = 3.10
The spreêd phenomenon influences the amount of overlap 
between the fields originating from two adjacent dipoles whose axes 
are parallel. Referring to Fig. 3*5 it can be seen that the overlap 
increases with the perpendicular distance y. If the spacing between 
the dipoles is h, then the fraction of overlap is given by,
° ^  3.11
This approximation may be used when y exceeds several dipole,lengths.
It can also be seen that when y»2b, lateral displacement of 
one dipole with respect to another, has little effect on the fraction 
of mutual overlap. '
3.5
Uniform Motion of Field.
So far, a stationary field has been considered. If the dipole 
moves along the x-axis with uniform velocity v, then:x can be 
replaced by x +vt in equations (-3.5) and (3.6), The form of these 
equations is unchanged with change of variable. The movement of a 
dipole and its field along the x-axis, is equivalent to scanning 
the field in the opposite direction. The time course of the potential 
Vp is therefore subject to the spread phenomenon, and the term 
"temporal spread" may be used to denote lengthening of the time 
between' ' ;.peake as measured at increasing y-distances from the 
dipole axis.
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3.6
Equivalent Power Lav/ of Fall-Off of Potential about Polar Sources.
It may be. shown that the equivalent power law^  n of 
a function y = f(x)
is simply n = (Lale, 1970). 3.12
Measuring r from the nearer pole, as r increases from 
small to large values, the limiting values for n in the case of 
the dipole are -1 and -2. In the case of the tripole, the limiting 
values are -1 and -3.
Assuming the validity of a simple polar form for muscle and 
nerve fibre potentials, the law of fall-off will vary continuously 
during the recording of action potentials.
2a
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Fig. 3.1 Dipole Model,
80
Locus for =Locus for
AxisDipole -O -t> X
Fig. 3.2 Isopotential curves about a dipole, in plane of dipole axis.
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y
Locus forLocus for
>  X
Fig. 3.3 The assymptotes to locus of turning points 
in equation (3.6).
82
Dipole
Lengths
AxisDipole
f.
Neutral Axis
Fig. 3.4 The spread phenomenon in a volume conductor.
The peak-peak interval in tne potential field 
increases with distance from the dipole axis.
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y
\
Overlap
^ Overlap
Axis of first dipole
^  X - direction
Axis of sécoùd dipole
Fig. 3.5 Overlap of the potential fields of two dipoles.
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4.
A Model for the Action Potential.
In section 2.2 the .physiological basis of electrical activity 
in nerve and muscle was reviewed, and in section 2.3 various theories 
about the form taken by this activity were described. None of these 
theories are of adequate development for use in predicting the form 
of the electromyogram.
Firstly, the instrumentation and electrode techniques prior to 
the mid 1930's could not reveal the current-time and current-voltage 
relationships about an active muscle (or nerve) fibre. Secondly, the 
important fundamental work was with nerve fibres, and not with muscles. 
In 1952 the electrophysiological basis had been firmly established by 
Hodgkin and Huxley through the use of superior techniques. These 
results were followed by the advanced work of Hakansson (195^ and 195?) 
on muscle.
Eased on the work of these three authors, a simple and 
approximate model of the action potential in a muscle fibre can be 
proposed for this thesis. With this model, qualitative predictions 
can be made. These are developed in sections 4.6 to 5*5• Quantitative 
predictions could be attempted when more accurate information on the 
non-isotropy of tissue resistance and limb boundary effects becomes 
available. Also, more detailed data on firing rates and motor unit 
recruitment during contraction is required. The physiological evidence 
for the proposed simple dipole model is discussed in section 4«2; and 
in the subsequent sections (4-5 to 4*7} the results of calculations 
of the potential field from regular arrays of dipoles are described.
4.1
Independence of Tissue Conductance of. Frequency.
It is desirable to show whether the conductive tissue of a limb 
can be considered as a volume conductor in which transmission of 
potentials at frequencies within the electromyogram range is
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independent of frequency. Close et al (I965) assert that "The high 
impedance of the tissues comprising the volume conductor suppresses 
higher frequency signals such as the fibrillary potential." In order 
to assess this opinion, a simple experiment was carried out to show 
whether field strength attenuation in a limb varied with frequency.
A limb such as the forearm is not of uniform construction, 
but has regular features. Two bones run along its length, and muscles 
of greatly differing sizes with their covering protective membranes 
and fatty tissue near the skin contribute to the rounded cross- 
section. A field of constant strength can be set up by connecting 
two surface electrodes conveniently on the forearm, and applying a 
low value alternating potential which is adjusted so that the potential 
detected by another similar pair of electrodes some small distance 
away, and indicated by a high impedance voltmeter, is maintained at 
a constant level. In this way, uncertainties and variations in 
electrode-to-skin impedance for the alternating source may be avoided.
A third pair of electrodes used as detectors, preferably equidistant 
from the other two pairs, will show an attenuation due to the 
intervening tissue. If the frequency is varied, any variation with 
■ frequency may be noted.
The results of this simple experiment showed that over the 
range of 200 Hz to 10,000 Hz the variation was within experimental 
error (Table 4*l)* There was a noticeable drop at .100 Hz and a greater 
drop at 60 Hz, but these results do not conflict with the finding that 
there is no loss of the higher frequencies in the electromyogram, as 
a function of the intervening tissue.
4.2
Physiological Evidence.
The action potential in muscle arises about a region of current 
flow moving along the fibre. The current is the result of two kinds
7)i/(2o é o  4-/  ^ -A §^00û ^-2., -iÀMJi USTZ2J CW; U^p C^T^el
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of ion flowing through the membrane, followed by a reversal of ionic 
flow until the resting state is restôred. At any instant of time, 
one region of the membrane, with respect to the surrounding medium, 
is acting as a source of current giving rise to a corresponding 
electromotive force, while another is acting as a sink. The moving 
wave of events is a transient disturbance of the resting state, so 
that sources and sinks must be equal. The simplest approximate 
representation is a short longitudinal dipole moving along the fibre 
at constant speed (Pig. 4.1)'
The dimensions of the wave of activity in a muscle fibre can 
be calculated from the product of action potential velocity and the 
time interval between the two peaks of the diphasic wave. The velocity 
may be taken as 4»7 mm/msec (Buchthal et al, 1955)* The duration of 
a fibrillation potential may be taken as 1 msec (Marinacci, 1955), 
so that the peak-to-peak interval may be estimated as 0.3 msec. The 
length of the equivalent dipole is therefore 1,4 mm. This length is 
small in relation to the dimensions of muscles and surrounding 
tissue, so that potential distributions near to the dipole are not 
materially influenced by boundaries at distances greater than 10 mm.
Hâkansson (1957, Pig. 6) using electrical stimulation, shows a 
plot of the isopotentials due to an action potential^ in the 
conducting medium of Ringer's solution in which the fibre was immersed. 
The lines correspond to the potential field at some instant in time. 
This plot, redrawn in Pig. 4-2, closely resembles that of the 
isopotential field due to a simple dipole (Pig. 3.2). Physiological 
evidence for the dipole model may be seen in the Hodgkin-Huxley (1952) 
equations (Noble, I966). Further experimental evidence is provided 
by Ashman et al (l940).
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Rosenfalck (1957) has found that muscle is not an isotropic 
conductor, for its conductivity in directions transverse to the line 
of muscle fibres is only about half that along the line. "Thereby 
the transverse spread of the action current is reduced by 30 per 
cent". In this thesis, it will be assumed that such non-uniformity 
of conductivity will not invalidate the general propositions made 
as to the form of the potential distributions in muscle tissue.
4.3
The Electrolyte Tank,
The electrolyte tank can be used to investigate the general 
form of the potential distribution arising out of a flow of current 
between two or more immersed conductors. In such a tank, the field 
attenuation is independent of frequency at the low frequencies 
encountered with muscle action potentials, the fastest components 
being less than about 15 kHz. A potential field can be set up in 
the conducting medium by applying a potential between two small 
conducting spheres. Recordings taken in a plane through the dipole 
axis have a diphasic form.
With an experimental set-up as shown in Pig. 4*3, diphasic 
records (Fig. 4*4, a-d) were obtained by moving a small exploring 
electrode supported on a small wheeled vehicle moving on a horizontal 
track. An alternating potential at 1 kHz, of about 7 mV r.m.s.., was 
applied to a pair of copper electrodes of 2 mm diameter spaced five 
diameters apart. The tank, which was of insulating material, contained 
copper sulphate solution. With a scanning electrode made from 22 s.w.g. 
enamelled copper wire bared just around the cut end, four separate 
plots were taken. The first was close to the electrodes. Three 
succeeding plots were taken at 1. 2 and 3*5 dipole lengths distance 
in the vertical plane above the dipole axis. This last record was of 
potentials just below the surface, but no allowance was made for the
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effect of the boundary surface of the volume conductor. To maintain 
an adequate deflection in the plotting apparatus, both the input to 
the electrodes and the gain of the recording amplifier were increased. 
From the results (Fig. 4*4? a-d) the increase in the peak-to-peak 
interval have been plotted in Pig. 4>5, and the values normalised 
to that of the first plot (Pig. 4*4a). It will be seen,that as the 
perpendicular distance increases the separation or interval between 
the peak and trough is increased. This phenomenon of increased 
separation has been defined as "spread" in section 3.4.
4.4
A Simple Model for the Sub-Unit of a Motor Unit.
In using the dipole to represent the muscle fibre action 
potential, the stationary field about a model dipole will be taken 
to represent the moving field at some instant in time, about an 
electrically active muscle fibre. In Pig. 4.6a is illustrated in 
cross-section a hypothetical motor unit sub-unit in which the fibres 
are arranged in three concentric circles. The mid-points of the 
dipoles lie on the common perpendicular plane, and the contribution 
from each ring of dipoles is shown for points along the central axis 
of the system. In accordance with volume conduction phenomena, 
amplitudes are shown to decrease and peak-to-peak intervals to 
increase with distance, (Fig. 4.6b). The resultant potential along 
the central axis of the sub-unit is shown in Pig. 4»4c.
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Sine Wave 
Frequency 
(Hertz)
Pair of Electrodes
Input 
volts 
(r.m.s.)
Monitoring
millivolts
(r.m.s.)
Recording 
microvolts 
(r.m. s.)
60 2.1 1 160
100 1.7 1 180
200 1.25 1 210
500 0.6 1 260
1,000 0.3 1 270
2,000 0.2 1 290
5,000 0.14 1 270
10,000 0.12 1 280
Table 4»1 Relative tissue transmission and frequency.
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P
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Equivalent Dipole
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o Muscle Fibre O% , ./
Length ----------------
Pig. 4*1 Suggested representation of extra-cellular action 
potential profile of a muscle fibre.
91
15
(D>
Fig. 4*2 Equipotential lines around the active muscle 
fibre in Ringer's solution.
From Hakansson (1957) Fig. 6.
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Spread
5
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3
2
1
0
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Perpendicular Distance, y.(dipole length units)
Pig, 4*5 The increase in peak-pealc spacing (spread) 
with perpendicular distance y.
(a)
Motor unit sub-unit 
shown in cross- 
section.
1st ring of dipoles ' / i
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2nd ring of dipoles -V---
3rd ring of dipoles
(b)
Contribution from:-
(o)
1st ring
2b
Resultant potential along x-direction
of central axis of sub-unit.
Fig. 4*6 The spread phenomenon and spatial summation in 
Q, hypothetical sub-unit of a motor unit.
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4.5 .
The Potential Field Produced hy Concentric Arrays of Parallel Dipoles.
Using the dipole model to represent the action potential of 
a muscle fibre and assuming that a muscle can be represented by 
a bundle of parallel fibres, any circular cross-section may be 
taken as representing a sub-unit or a motor unit.
The potential field produced by dipole arrays in a volume 
conductor may be calculated by solving the equation;-
-f 1 3.5Yp B W e  + y^ ~ J{x+h)^ + y^
by a digital computer, with numerical values for x and y 
according to position on the axis for potential summation and 
radial distance of dipole array, respectively. (See Appendix for 
computer programmes).
Fig. 4.7a shows concentric cylindrical arrays of identical 
dipoles orientated parallel to the x-axis, whose poles are arranged 
in circles (Fig. 4*7h) whose radii increase in unit steps about the 
x-axis. Their mid-points lie on the common y-z plane. The poles are 
at unit potential, those at x = +b being positive and the others 
negative. A uniform dipole distribution is ensured by assuming the 
number of poles in each circle to be proportional to the radius.
Summations of the dipole contributions were carried out under 
three conditions. Firstly, the potential was computed at unit 
intervals along the x-axis and along directions parallel to this 
axis at various y-distances. Secondly, the potential was obtained 
along the x-axis for arrays containing different numbers of 
concentric cylindrical arrays. Finally, the second computation was 
repeated, but with different amounts of scatter in the x-direction 
of the position of the dipoles about the y-s-plane.
For computations along the x-axis the contribution from each 
pole in any one of the circular arrays is the same. Each array can 
then be replaced by an, equivalent dipole (Fig. 4>7c) centred along 
the y-axis.
^  S W  fL IBl '
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4*6
Potential as a Function of Distance from a Circular Array.
The circle (of radius R^, Fig, 4.&) was divided hy à series 
of arcs (centre P, radii Ri) at half unit intervals. Each arc is 
understood to run through the mid-points of parallel dipoles 
orientated vertically to the plane of the circle and terminated bjr 
its circumference. A uniform dipole distribution was ensured by 
making the contribution from each arc proportional to its length. 
Assigning unity or simple values for the constants in equation (4.I), 
the dipole contributions from all the arcs were summated for different 
values of x. The computation was repeated for a range of values of 
y (Fig. 4'9, a-d). At y = 5j F was on the circumference (Fig. 4.9h).
When P coincides with 0 (Fig. 4*9^), y = 0 and the arcs run in 
complete circles,, forming a concentric system. This latter 
arrangement is treated subsequently.
The results were plotted out (Fig, 4‘10) For y = 0, 1, 2, 3,
4, 5) 6 and 8 units. As might be expected, maximum values for Vp 
were obtained when P was in the centre of the circle of dipoles.
From these results, the peak amplitude and the increase in spacing 
between, the peaks have been plotted as a function of y (Fig. 4*H)*
It will be seen that the amplitude declines steadily, but that peak 
spacing (spread) remains almost constant as y is increased from 
0 to.5* For greater values of y, the point P being outside of the 
circle of dipoles, there is a continued decline in the amplitude of 
the peak. On the other hand, there is a marked increase in the peak 
spacing.
Interpreting these results for muscle potentials, and taking 
the circle of dipoles as a simplified model for a motor unit, it 
predicts a decline in peak amplitudes as the recording electrode is 
withdrawn. It also predicts the increase in peak-to-peak interval 
of the diphasic wave, as a function of distance.
X  /33,
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4.7
Potential as a Function of Size of a Circular Array.
Equation (4-2) was'computed for cumulative summation for arrays 
of concentric circles of dipoles spaced at unit intervals, for 20,
50, 100, 200, 500 and 1000 circles (Pig. 4.12). The increase in 
peak amplitude, as a factor normalised to that of a single circle 
of dipoles, and the increase in the peak departure from x = 1, have 
been plotted against the logarithm of the number of circles (Fig. 4.13). 
The logarithmic scale was chosen for clarity.
Equation (4.3) was the same as equation (4.2) except that the number 
of circles ranged 1, 2, 3, 10, 20 and 100. The x-values were taken 
at unit intervals to show the position of the peaks (Fig. 4.14).
The same trends are apparent as for the results of equation (4.2).
Equation (4.2) was modified to the form shown in equation (4.4), 
so that for any given circle of dipoles, variations in x-position of 
the constituent dipoles could be subjected to a scatter according to 
a Gaussian statistical variation. Twenty-one values (P) are shown 
with equation (4.4). The results are shown in Fig. 4.15, a-d, for 
standard deviations of 1, 3, 5 and 10 x-units respectively. A plot 
(Fig. 4.16) of spread S against standard deviation for arrays of 
1, 10 and 100 circles shows the'marked effect of scatter.
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4.8
Summary.
The effect of distance between dipole sources, whether thq 
distance is measured between the point of summation and the dipole 
array, or whether it is on the central axis of the array made large 
to increase,the distance, causes the peak to move away from the 
X = 1 position on which the positive poles lie. The other peak, 
by symmetry, will move equally in the opposite direction from x = -1. 
Axial scatter greatly accentuates this movement. The other effect of 
distance is a diminution of peak amplitude. This is consistent with 
the inverse-law form of equations 4^.-t to 4.4).
Some fundamental properties of the summation of potentials in 
a volume conductor arising from an array of dipole sources have been 
demonstrated. Simple general examples of concentric arrays of dipoles 
and the plotting of their summated potentials along the central axis 
revealed three effects; the first was the increased separation of the 
peaks as a function of size of the array, the second was the apparent 
trend to a limit in the amplitude of these peaks, for a large array, 
and the third effect, resulting from scatter in the axial positions, 
was a marked increase in the separation of the peaks.
•X ^  - IBs IS S' •
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RelativeAmplitude
YP(SUM)
180-
160-
140-
120 -
100-
80-
jôo,
60-
40-
20 -
4 531 2
X
Fig. 4*10 Potential plotted against x, as a function of
distance (y-values) from the centre of the array,
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RelativeAmplitude XVP(Slffl)
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61 2 3 4 5 6
-4
- 3
- 2
-1
y, distance from centre of concentric array
Fig. 4»11 Peak amplitude, and x-position of peak, each as a function 
of the distance from the centre of the array.
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Fig. 4*12 Plot of potential VP against x, for large numbers
of concentric arrayi
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Fig. 4.13 Peak amplitude and spread factor, normalised 
to unity relative to a one-circle array.
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Fig. 4*14 Plot of potential against x, for arrays of 1 to 100 
concentric cylinders of dipoles.
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Pig. 4* 15a Plot of potential againstjc,for arrays of 1 to 100 
concentric cylinders of dipoles.
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Fig. 4.15b Plot of potential against x, for arrays of 1 to 100 
concentric cylinders of dipoles.
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Fig, 4*150 Plot of potential against x, for arrays of 1 to 100 
concentric cylinders of dipoles.
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Fig. 4.I5& Plot of potential against x, for arrays of 1 to 100 
concentric cylinders of dipoles.
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Fig. 4»16 The increase of the spread effect with increase in 
the scatter of position of dipoles in arrays of 
1, 10 and 100 circles.
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5.
The Eleotromyogram and Volume Conduction Phenomena.
In this chapter are considered the results of the summations 
of potential fields of hypothetical dipole arrays given in chapter 4, 
and the interpretation of recorded muscle potentials in terms of 
these results. Several different aspects of both normal and abnormal 
electromyograms are discussed.
5.1
The Effect of Volume Conduction Phenomena on Muscle Action Potentials.
The three results summarised in chapter 4» applied to muscle, 
are that the bigger the motor unit, the greater is the time interval 
between the two peaks of the diphasic potential, but the amplitude 
of these peaks for a very large motor unit tends to a finite limit. 
Also, that any small amount of scatter between the relative positions 
of individual fibre action potentials in a motor unit, or in the 
constituent sub-unit, will produce a marked increase in the interval 
between the peaks. The spread effect, giving rise to lengthened 
time intervals, is regarded as a fundamental voluir>e conduction 
phenomenon, while axial scatter between dipole fields is regarded 
as secondary, and produces such a marked effect only in the presence
of spread.
) '5.2
The Normal Electromyogram.
Some explanations are offered to account for certain 
characteristics of the electromyogram.
5.2.1
Amplitude of the Electrorayogram.
The single fibre potential, detected by a small needle 
electrode, is always of small amplitude. On withdrawal of the needle 
by about a millimetre from the point giving maximum amplitude, the 
potential is no longer detectable.
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A sub-unit contains a number of closely packed.parallel fibres. 
Their potentials summate to give a detectable potential substantially 
in excess of that of a single fibre potential. The range of detection 
is greater because of the greater amplitude.
A motor unit potential is the result of the summation of a 
number of sub-unit potentials. Since sub-units are disposed at fairly 
regular intervals, the potential is detectable over the volume 
occupied by the sub-units. An electrode inserted among them can 
detect several sub-units in many positions of the electrode, so that 
the amplitude exceeds that of a sub-unit.
In general, the two factors affecting amplitude are, distance 
between source and detecting electrode, and the number of sources of 
activity per unit volume of muscle.
5.2.2
Spectrum of the Electromyogram.
Because of the limited range of detection of a single fibre 
potential the spread effect is not noticed. But it is noticeable in 
the case of a sub-unit, because of the greater range of detection.
The most distant sub-units of a motor unit provide the lowest 
frequency components, and those which happen to be in contact with 
the electrode contribute the components with the highest frequencies. 
The spectrum range corresponds to the range of distances involved. 
This provides an explanation for the origin and predominance of low 
frequencies in the e.m.g., especially when surface electrodes are 
used. It follows then that the spectrum from the larger muscles will 
contain more low frequency activity.
Typical pulse repetition rates vary from 8/sec to 25/sec at a 
moderate muscular contraction, and rise to 40 - 50/sec with a 
maximum contraction. Changes in pulse rate affect the e.m.g. 
spectrum in two ways. Firstly, there is a frequency component
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corresponding to the reciprocal of the pulse interval, and secondly, 
the probability of overlap affects the activity near the recording 
electrode more than the more distant activity.
Only at moderate and high levels of effort i& the normal e.m.g. 
continuous. The discontinuous nature of the e.m.g; at minimum 
volition arises from the widely dispersed locations of a few active 
motor units. With this small contraction a recording electrode is 
usually within the receiving range of only one motor unit. With 
increasing strength of contraction the number of contracting motor 
units increases, so that the electrode records from more than one 
motor unit. The result is that the e.m.g. becomes more continuous.
With a moderate to strong contraction, the interference pattern can 
be observed, and there seems to be a background of low frequency 
waves. The filling-in of the background to the e.m.g. pattern in 
which individual potentials cannot be distinguished (M/ller, I966), 
produced the terra, interference"1pattern. Short duration potentials 
are subject to much less frequent.summation by temporal overlap than 
low frequencies of remote origin, although they are both generated 
at similar repetition rates for a given level of effort. .
During observations of the e.m.g. on the cathode ray 
oscilloscope screen, the gain control is set according to the peak 
excursions. Relative to gain setting, the low frequencies are more 
noticeable at the higher levels of effort.
5.2.3
Electrodes.
The foregoing sections (5.2.1 and 5.2,2) refer to monopolar 
recording. With bipolar electrode recording, the amplitude depends 
also on electrode spacing and orientation with respect to the line 
of the muscle fibres and symmetry with respect to the motor end 
plates. The properties are more fully discussed in sections 2,4.7 
and 2.4.8. One effect of electrode spacing is discussed in section 5.5
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5*3
An Abnormal Electromypgram.
In primary disease of muscle (e.g. muscular dystrophy) 
individual fibres die sporadically. It is therefore no longer 
possible for the activity of the fibres of the sub-units of a motor 
unit to summate smoothly, as some components of the unit are missing.
For this reason many polyphasic potentials are seen. In cases of 
myopathy a greatly increased proportion of polyphasic potentials and 
attenuated or short duration potentials are obtained on contraction 
of a muscle (Walton, 1952). He also conducted a spectral analysis of 
e.m.g's in these cases, and found a characteristic upward shift in 
the spectral peak. An explanation in terms of volume conduction can 
now be offered. In the myopathies, all nerve axons to the sub-units 
are intact, so that on contraction, there are as many sub-unit 
potentials as would occur’in a normal muscle. Each sub-unit having 
lost most of its active fibres can only generate a potential of 
somewhat lower amplitude but very much shortened duration. The 
recording electrode picks up the low frequencies of remote origin 
diminished in the same ratio as the ratio of surviving to previously 
functioning muscle fibres. On the other hand, local,activity fills 
in the e.m.g. with short duration potentials, whose amplitudes are 
only somewhat less than that in an unaffected muscle.
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5.4 .
Synchronization.
Synchronization has more than one interpretation in 
electromyography, "The smooth outline of the motor unit action 
potential shows synchronization of the individual fibre potentials" 
(Adrian, 1%4?). The investigation into the dipole model has shown 
that complete synchronization between the times of arrival of 
individual fibre action potentials gives rise to recordings with the 
highest'peak-to-peak amplitudes and the least peak-to-peak durations.
The model also shows that with a considerable lack of synchronization 
(scatter, with S.D. = 5) the recorded potential retains its smooth • 
outline.
The other interpretation applies to the activity of motor units 
within a muscle,‘In the more generally understood meaning of the term, 
any tendency to coherence is a departure from nornal muscular 
activity, for the smoothness of the force produced by a muscle, 
relies to a great extent on an asynchronous firing of the motor units, 
giving rise to the familiar interference pattern. If, however, there 
is a coincident firing of many motor units, the peak excursions would 
be more pronounced and the pattern would be more discrete. In some 
pathological cases in which there is an increase in the number of 
muscle fibres belonging to the same motor unit, 'giant' motor unit 
potentials of three to six phases with durations up to 30 msec, and 
amplitudes as high as 10 to 12 mV are obtained with monopolar needle 
recording (Marinacci, 1955). In cases of recovery from poliomyelitis, 
very large amplitude discrete motor unit potentials occur (Close, I964). 
In these two examples of muscle disorder, there are fewer motor nerve 
axons innervating the motor units than in normal muscle, so that with 
each nerve impulse many more fibres contract. The synchronous 
activity gives rise to larger potentials.
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In another kind of disorder in which the nerves have been 
affected and the conduction times for nerve impulses are lengthened, 
long duration polyphasic potentials appear in place of the normal 
motor unit potential (Marinacci, 1955)* This is an example of loss 
of synchronization.
5.5
The Piper Rhythm.
The Piper rhythm is the name given to the predominant 
frequencies at around 50 Hz in the electromyogram during strong 
muscular contractions. It was reviewed in section 2.4*10» Three 
different aspects of its origin are suggested and discussed.
5.5.1
Effect of Distance between Recording Electrode and Active Fibre.
In the chapter on volume conduction, the concept of spatial 
spread of the field v/as introduced, and in the following chapter 
was extended to the dipole model of the action potential in a 
volume conductor, to show that the observed duration of the 
potential travelling along its axis was a function of the 
perpendicular distance to the point at which the recording electrode 
was placed. Because action potentials move, the counterpart to 
spatial spread may be called temporal spread, the observed 
lengthening of measured duration. When a number of dipole fields*, 
displaced from one another mainly in their common axial direction, 
as in sub-units of motor units, overlap and summate, a further 
spreading out of the field occurs, resulting in an even greater 
loss of the high frequency components in the recorded monopolar 
electromyogram. If a dipole length of I.4 mm (section 4*2) is 
assumed for the muscle fibre action potential, then applying 
equation (i.lO) for spread, at a distance of 30 mm the peak-to-peak 
interval corresponds to a frequency of 50 Hz.
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5.5.2
Motor Unit Recruitment and Firing Rate.
It is reported (Fex and Krakau, 1958; Lippold, I967) that the 
Piper rhythm becomes predominant as the muscular contraction increases.
The e.m.g. spectrum varies with muscular effort. Although the potential 
Vp at any point P in a muscle is the summation of all the contributions 
from all active fibres, some non-linear relation must be sought, and 
consideration given to how Vp may depend on the two factors, population 
and firing rate of active motor units.
Consider a simplified model in which all the activity in the
immediate vicinity arises from the one sub-unit of one motor unit in !
which the recording electrode is placed. The spectrum is mainly in the !
higher frequencies, and the amplitude is constant. When averaged over :
a period of a few seconds, a frequency analyser will give an output jIproportional to the firing rate of that motor unit. All other activity {
originates from a large number of motor units, and being modified by |
distance, appears as lower frequencies. This distant activity is a |!
function of both the variables of population and rate. This model |
shows that in going from moderate to strong contraction, the local |
1activity will show changes only if the rate of that one unit varies, j
for the increase in muscular output is achieved almost wholly by the j
process of recruitment, the low frequency background increasing with I
the general level of recruitment. |
■ In practice, the tip of the recording needle has a finite size j!Iand may pick up local signals directly from no more than two motor j
units, and from others just outside the immediate vicinity, owing j
to the anatomical overlap of up to six sub-units of different motor
junits.in the territory of one motor unit. More distant information 1
will be graded both in strength and duration in radial zones 
measured from P.
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For surface electrodes, a similar increase in the Piper 
rhythm has been noted. The explanation can be sought along the 
same lines but the increase is not so sharply defined. Activity 
near to the skin surface contributes to the higher frequencies, 
but they are lower than those obtained with an intramuscular 
electrode, and represent only a few motor units. The lower 
frequencies arise as previously explained.
In general, the higher frequencies arise from only one or 
tv/o or at most, a few sources with regular recurrence rates and 
small mark-to-space ratios, with only occasional coincidences 
which cause amplitude fluctuations. On the other hand, the low 
frequencies of the Piper band, arise from a very large population 
of transient events, whose summated amplitude can be expected to 
exhibit fluctuations characteristic of statistical processes.
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5.5.3
Bipolar Recording.
The Piper rhythm (sections 5.5*1 and 5*5*2) is predicted for 
monopolar recording by an intramuscular needle or surface electrode. 
If, however, two surface electrodes are placed longitudinally over 
a muscle, and connected in the usual way to a balanced amplifier, 
action potentials passing under one electrode give rise to a 
deflection, followed by a similar but inverted deflection when 
they pass under the other. The two deflections have a time interval 
equal to the quôtient of the electrode spacing and mean speed of the 
action potential. With a spacing of 4*7 cm, the interval is 10 msec, 
generating components at 50 Hz. Electrode spacings around 5 cm are. 
usual in surface electromyography. Dempster and Pinnerty (1947) 
used a spacing of 5*5 cm, while Hayes (196O) and Nightingale (1957) 
used 5 cm spacing. All three papers reported spectral peaks at 
around 50 Hz, Also, any 50 Hz components are accentuated by a 
factor of two, and 100 Hz components are suppressed. On the other 
hand, distant activity will undergo differentiation, with a rate 
of amplitude diminution to half per octave.
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5.6
The Course of the Action Potential.
The motor end plate (m.e.p.) is commonly situated at the 
midpoint of the muscle fibre. When an impulse from the motor axon 
arrives at the m.e.p., two action potentials move gut in opposite 
directions .towards the ends of the fibre (Fig, 5.1). Considering 
one of the conductive lengths of the fibre from the m.e.p. to its 
tendinous attachment, the time taken for an action potential to 
travel to the end, is simply the length it travels divided by the 
average speed, and may be termed the life time. This time consists 
of three distinct parts. The first is the build-up of the action 
potential from nothing to its normal propagating strength. It is 
assumed for simplicity that it takes place over a path of not more 
than one dipole length and rises linearly to the full propagating 
strength, which remains constant during the main phase. The final 
phase is extinction, when the potential decreases to zero where the 
fibre joins the tendon. The percentage of time occupied by the initial 
rise and extinction phases is, of course, small and will be inversely 
proportional to the length of the muscle fibre.
The extracellular potential then, has two distinct properties, 
one in time and the other in space. During the rising and extinction 
phases, the action potential is changing rapidly in time with only 
a very small change in position. The main phase is characterised 
by its invariance in time while moving linearly in the volume 
conductor. A time varying field in a volume conductor is subject 
only to attenuation of strength with distance. A time invariant 
field moving linearly is subject to the previously explained 
phenomenon of spatial spread with distance. Any point chosen in a 
muscle and limb volume conductor will respond to the whole range 
of frequencies which are produced by time variations of the 
amplitude of the source.
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The foregoing is an account of the author’s own supposition 
about the time course of the action potential in a muscle fibre, 
and is followed by the hypothesis that on the arrival of an impulse 
at the m.e.p., an electrode placed in the conducting medium about 
the fibre, responds to two short bursts of high frequency activity 
corresponding to the rising and extinction phases of the action 
potential. The electrode also responds during the main phase of 
propagation, to the two action potentials as their two fields move 
in opposite directions. The stronger field will predominate unless 
the electrode happens to be in the perpendicular plane through the 
m.e.p. So- far as the author is aware, no experiment has been 
performed to test this hypothesis.
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6.
Discussion and Conclusion.
6.1
Object of Thesis.
This thesis has investigated the form of the potential profile 
arising in muscle fibre; during muscular contraction, the effect of 
distance on the form of the potential as detected at a given point 
in a conducting volume, and the effect of small time intervals, 
between the fibres of a motor unit. The detectable potential is the 
electromyogram. The object was to establish the main relationships 
between the form of the potential in the fibre and the form of the 
electromyogram.
A historical introduction shows the parallel development of 
instrumentation techniques and theoretical knowledge of both natural 
and animal electricity. The review, given in four parts, begins with 
the anatomical aspects of muscle. The function of muscle is described, 
together with the main anatomical and functional features of muscle 
organisation relevant to electromyography, and the physical 
dimensions of muscle. The size of its sub-structure is indicated.
In the second part, the electrical activity of muscle is considered 
with that of nerve, because their electrical properties are similar, 
and much more published work on nerve is available. On the other 
hand, the literature on electromyography is concerned with general 
interpretations, and the clinical aspects are concerned with the 
state of health of the,subject. Research has been either on muscle 
function as a whole, or the anatomical organisation of muscle. As a 
result of the important theoretical and experimental findings of 
leading workers, the time course of voltage and current changes in 
nerve, their amplitudes and physical extent, and the main underlying 
electrochemical events occcurring during the passage of an action 
potential, are well established. By considering the work on nerve
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fibres, it was possible to relate this knowledge to muscle fibres.
6.2
Reasons for the Failure of the Early Dipole Theory.
In the third part of the review, the various and differing 
theories about the origin of the action potential, and the form it 
assumes are given in the order in which they were formulated. All 
the earlier work was experimental and descriptive. The closest fit 
was that of Wilson et al (1933)) who used the simple model of a 
longitudinally orientated dipole moving along the fibre. The curves 
they plotted from their equation (quoted as equation 2.3*4) produced 
diphasic plots which were very similar in form to recorded motor 
unit action potentials. Theivalue .of their work was obscured through 
the ensuing controversy with Bishop and Gilson. A second reason 
which contributed to the early failure of the dipole theory, was 
the absence at that time, of any substantial theoretical basis of 
current and voltage waveforms in muscle or nerve fibre. Only when 
this had been accomplished by leading physiologists was it possible 
to adapt the theoretical and experimental material to formulate a 
realistic model for muscle. As well as the time course, the physical 
dimensions and strength of the dipole can be estimated on the basis 
of the review material in section 2 of chapter 2.
6.3
Rediscovery of the Dipole Theory,
The author's contribution, is to achieve a synthesis of earlier 
work, to interpret it and propose a realistic model from which 
predictions can be made. The experimental work undertaken, sets 
out to apply the model in simple hypothetical cases bearing in mind 
the anatomical arragements of motor units and theirsub-units.
Using an electrolyte tank, in which a stationary field v/as 
set up about a pair of small electrodes, several potential plots
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in directions parallel to the dipole axis were taken. They had the 
same diphasic form as the plots obtained by solving the equation 
for a dipole in a conducting medium. Both bore a close resemblance 
to the diphasic motor unit action potential. These results were 
accepted as confirmation of the dipole theory of the muscle fibre 
action potential, which was interpreted from the work of the 
physiologists.
The advantage of the electrolyte tank method, is that scale 
or life size modelling can be used for muscle, and movable boundaries 
placed to correspond to the limits of the limb. The experiment to 
determine, whether electrical conduction in the tisseus of a human 
limb was independent of frequency within the electromyogram range, 
although not contributing any new theoretical knowledge, was carried 
out to put an end to any confusion about whether the tissues 
selectively attenuate the higher frequency components in the 
electromyogram.
6.4
Some Electromyographic Phenomena now Explicable.
The main experimental work was the repeated application of the 
equation for the dipole potential for hypothetical motor units. When 
plotted out, summations from many such dipoles in this model motor 
unit demonstrated some fundamental properties of the summation of 
muscle fibre action potentials. The simple general examples of 
concentric arrays of dipoles and the plotting of their summated 
potentials along the central axis revealed three effects;
(a) the increased separation of the peaks as a function of the size 
of the array,
(b) the apparent tendency to a limit in the amplitude of these 
peaks for a large array, and
(c) the marked increase in the separation of the peaks due to 
scatter in the axial positions.
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Interpreting the cylindrical arrays of dipoles as action 
potentials at some instant in time in a hypothetical assembly of 
muscle fibres, the potential at some point on the central axis 
represented the potential detected by. a small electrode inserted 
in the middle of the assembly.
For sub-units of normal motor units, it is reasonable to 
assume there is some scatter in the relative positions of the 
individual action potentials, due to small differences in times 
of arrival of the motor nerve impulses at the motor end plates, 
and to irregularities in their positions along the fibres. Scatter 
may also be assumed among the sub-units of a motor unit.
The phenomenon of overlap of fields and the increased interval 
between the peaks in the potential field is regarded as fundamental. 
The secondary phenomenon, dependent on the first, is that of the 
summation of axially dispersed or scattered fields. Taken together, 
they can account for the resorded motor unit action potential 
being several times greater in duration than that of a single 
fibre, depending on the extent of the motor unit, and on the amount 
of scatter in the positions of the individual action potentials.
These dipole field phenomena are offered as the explanation ' 
for the common finding in electromyography that the duration of 
the motor unit action potential exceeds that of the constituent 
fibre by a factor of several times.
The effects of volume conduction and the effects of spacing 
between electrodes discussed in section 5*5) the author believes, 
are sufficient- to account for the predominance of the low 
frequencies at around 50 Hz termed the Piper rhythm.
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6.5 •
Further Work Indicated,
The application of a simple mathematical.model to muscle 
potentials has enabled the author to offer explanations for several 
aspects of the form of the electromyogram. However, the conclusions 
arrived at lack direct experimental support.
Further tests for the dipole model would relate the spectra 
of electromyograms to the, size of the muscle, and to the orientation 
of a pair of surface electrodes with respect to the muscle line.
The symmetry of muscles about their innervation (motor end plate) 
planes might be tested by measuring time intervals between action 
potentials.
Further work can be considered with a model such as Lillie's 
(1936) iron wire in nitric acid, which exhibits the main 
characteristics of nerve conduction. The electrolyte tank is 
capable of further exploration with scale model muscle potential 
systems. More accurate information about electromyograph needle 
electrodes as detectors of potential in a volume conductor, is 
required.
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Appendix.
Fig. 4*3 Experimental arrangement for electrolyte tank,
described in section 4.3.
Pig. 4.7 Arangement of concentric system of cylindrical
arrays of dipoles.
Pig. 4.8 Arrangement for dividing the circular array into arcs
Pig. 4-9 or circles, for convenient summation by computer, of
the individual dipole contributions; described in 
section 4.6.
Notes on the four programmes used in the numerical solving of the
equations.
Equations (4.l) to^4.4)> each with its own Fortran programme.
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Pig. 4*3 Electrolyte tank for showing potential distributions 
about a pair of small electrodes.
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Arrangement for dividing the circular array into arcs, or circles, 
for convenient summation of the dipole contributions (see section 4.6).
R1 R2
A1P
From the extension of Pythagoras' theorem; 
and AAl = cos(Al)
Fig. 4.8
y >  R2
Fig. 4.9
P (y-R2 )-----M
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When y = R2, point P is on the circumference of the array,
Fig. 4.9b
y < R2, and P is
inside the array.
coincide
-0 0
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Notes on the equations and computer programmes used for the dipole 
field summations, and their results.
The variables X, and Y in the four Fortran programmes, are 
represented' in the text by the lower case letters x, and y.
The equation (4-l) was programmed for cumulative summations 
of the variable VP for a concentric system of dipoles, with x-values 
taken at quarter and unit steps.
The results are plotted in Fig. 4«10 from which is plotted in 
Fig. 4.11» amplitude and spread of the peak as a function of distance 
from the centre of the concentric system, and summarised in Pig. 4.13.
The method of dividing the concentric system into a series of 
arcs, illustrated in Fig. 4*8 and Fig. 4*9» is described in section 4.6.
The results of equations (4.2) and (4.3) are plotted in 
Pigs. 4.12 and 4.14 respectively.
In equation (4.4) the cumulative summation is carried out with 
twenty-one values of scatter in the x-variable. The programme was 
run for standard deviations of S.D. =1, 3, 5 und 10. Prom these 
results four plots, Fig. 4.15 a-d, were obtained.
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VP - 2.1.Al.El. [y-^x-B)’- + (Riy : /(X+Ë)'^ + (Rl)'^ ' ]
The Fortran programme compiled for solving this equation was:-
1 DIMENSION RR(20), VP(20), SUM(20)
2 B'-l.O
3 A = 10.0
4 R2 = 5.0
5 DO 15 J = 1, 10
6 Y = J-1
7 . DO 15 K = 1, 20
8 , . •IF:(K.LE.9) X = (K-1) s 0.25
9 IF (K.LE.I3.AND.K.GT.9) X = K-7
10 IF (K.GT.I3) X = (K-13) £ 10.0
11 DO 8 I = 1, 20
12 IF (K.GT.l) GO TO 7
13 IF (R2-Y.GT. 0.001) R1 = I a R2 3S 0.1
14 IF.(R2-y.LT.0.001) R1 = (Y-R2) % I a R2 a 0.1
15 IF (Y.GT.0.001) AAl = (RlxRl + Y^Y - R2sR2)/(2.OseRlsY)
16 IF (Y.LE.0.001) AAl = -1
17 IF (R2-Y-R1.GT.0.001) AAl = -1
18 IF (R2-Y.GT.0.001.AND.R1-Y-R2.GT.0.001) AAl = 1
19 A1 = ARCOS(AAl)
20 AR(l) = 2.0 % R1 % A1
21 RR(l) = R1 s R1
22 7 CONTINUE
23 BB = (X-B)$x2 + RR(I)
24 BO = (X+B)%x2 + RR(I)
25 VP(I) = Ax AR(I) X (1.0/SQRT(BB) - 1.0/SQRT(BC))
26 IF (I.EQ.I) SUM(l) = VP(l)
27 IF (l.NE.l) SUM(I) = SUM(l-l) + VP(l)
28 ' 8 CONTINUE
29 IF (K.EQ.l.OR.K.EQ.ll) WRITE (6, 12)
30 WRITE (6, 13) VP, SUld(20)
31 12 FORMAT IHl
32 13 FORMAT (//(IX, IOFI2.5))
33 15 CONTINUE
34 STOP
35 END
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1 1V(-X+B.)^  +
The Fortran programme compiled for solving this equation was:-
1 DIMENSION VP(100), SUM(lOO)
2 B ='1.0
3 N = 6
4 A = 0. 2
5 C = B
6 DO'12 J = 1, 20
7 X = J
8 DO 10 I = 1, 100
9 D = (X-B)x(X-B) + GaCalal
10 E = (X+B)x(X+B) 4- OaCtlel
11 VP(I) = (1.0/(SQRT(D)) - 1.0/(SQBT(e )))xNx I/A
12 IF (I.EQ.I) SUM(l) = VP(l)
13 IF (l.NE.l) SUM(I) = SUM(l-l) + VP(l)
14 10 CONTINUE
15 WRITE (6, 11) SUM
16 11 F O R M T  (////(IX, 10F12.5))
17 12 CONTINUE
18 STOP
19 END
4.3
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N.i r 1 1A I^ V(X-B)'^  + 0^11 V(-Xh-B)^ + C^lt JVP
The Fortran programme compiled for solving this equation was:-
1 DIMENSION VP(lOOO), SUM(lOOO)
2 B 1.0
3 N = 6
4 A = 0.2
5 G = B
6 DO 12 J = 1, 20
7 IF (J.LE.8) X = J
8 IF (J.GT.8) X = (J-8) s 20.0
9 DO 10 I = 1, 1000
10 D = (X-B)s(X-B) + CsGsIal
11 E — (X+B)x (X+B) + CxCsIxI
12 VP(I) = (1.0/(SQRT(D)) - 1.0/(SQRT(E)))s Nx I/A
13 IF (I.EQ.I) SUM(l) - VP(l)
14 IF (l.NE.l) SUM(l) = SUM(l-l) + VP(l)
15 10 CONTINUE
16 WRITE (6, 11) (SUM(K), K =  10, 1000, lO)
17 11 FORMAT (////(IX, 10F12.5))
18 12 CONTINUE. '
19 STOP
20 END
4.2
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Nu Ï.PVP « 0.2 [,/(X+H-B)^ +0^1"- ~/(X+H+b 5^ - + 0^1 L
The Fortran programme compiled for solving this equation was:-
1 DIMENSION P(21), W(2l), V(2l), VP(lOO), SUIvl(lOO)
2 READ (5, 3) P
3 3 FORÎ/IAT (7F10.5)
4 WRITE (6, 4) P
5 4 FORJMAT (IX, 7F12.5)
6 8 =  1.0
7 B = 1.0
8 N = 6
9 A = 0.2
10 G = B
11 DO 12 J = 1, 20
12 X - J
13 DO 8 I = 1, 100
14 DO 5 K = 1, 21
15 E = (K-ll) $ 0.2 a 8
16 D = (X+H-B)xx2 + CxCxIxI
17 E = (X+H+B)sx2 + CxCxIxI
18 W(K) = (1.0/SQRT(d ) - l.OSQRT(E)) +0.2 xN%IxP(x)/A
19 IF (K.EQ.l) V(l) =.W(l)
20 IF (K.GE.2) V(K) = V(K-l) + W(x)
21 5 CONTINUE
22 VP(I) = V(2l)
23 IF (I.EQ.I) SUM(l) = VP(1)
24 IF (I.GB.2) SUM(I) = SUM(I-I) + VP(l)
25 8 CONTINUE
26 WRITE (6, 10) SUM
27 10 FORÎÎAT (////(IX, 10F12.5))
28 12 CONTINUE
29 STOP
30 END
The twenty-one values for P were:- 
.0540 .0790 .1109 .1497 .1942 .2420 .2897
.3332 .3683 .3910 .3989 .3910 .3633 .3332
.2987 .2420 .1942 .1497 .1109 .0790 .0540
4.4
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Corrections.
Page '
5 line 5: delete "in tabular form".
5 " 27: delete comma. . '
6 " 25: "t" missing from "scatter",
17 " 21: "a" missing from straplike"..
; ' '17 " 21; correct spelling, "sartorius".
21 " 11: for "os" read "of".
39 " 11: "ter" missing in "interstitial". ‘
41 " 17: instead of "time varying voltage" read "potential field
moving through a conducting medium".'
47 " 18: for "x and y are" read "2s is".
49 " 21: the final sentence should read, "This second dipole,
although of low amplitude, must be equal in moment 
to the first"., .
99 " 9: for "summated" read "summed".
125 " 3O: "n". missing from "arrangements".
127 " 16; correct spelling, "recorded".
